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Terminology for Gravity Separation

Term Definition

Colloidal particles Very small particles that do not settle out of water
for a long time because of their small size and
electrical charge.

Compression
settling
(Type IV)

Particle blanket containing a high concentration of
particles that compresses by allowing water to
move up through the voids within the blanket due
to the weight of the particles in the blanket.

Density currents Nonideal flow patterns that occur in sedimentation
basins caused by differences in fluid density (e.g.,
temperature, solids concentrations) within the tank
and outside forces (e.g., wind) acting on the fluid
in the tank.

Discrete particles Particles that are completely surrounded by water
and have no interactions with other particles in the
water.

Discrete settling
(Type I)

Settling of discrete particles in water by gravity
with no interactions with other particles in
the water.

Dissolved air
flotation

Gravity separation process in which dissolved
air forms tiny bubbles in the water at the bottom
of a basin. As the bubbles float upward, they
attach to particles, causing the particles to float
to the surface where they can be removed by
skimming.

Flocculent settling
(Type II)

Process in which initially discrete or flocculated
particles interact with one another during the
settling and form larger particles with higher
settling velocities.
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Term Definition

Gravity separation Process of removing particles suspended in water by
the force of gravity.

Hindered settling
(Type III)

Process in which particles interact to retard the
settling of nearby particles, resulting in the
formation of a layer or blanket that settles and
also overtakes other particles in its path.

Particle settling
velocity

Rate at which a particle settles in water.

Sedimentation
basins

Tanks or chambers designed to separate and
remove settleable particles from water.

Settleable particles Suspended particles in water that can be removed
by the process of gravity separation.

Stokes’ law Mathematical expression used to predict the terminal
settling velocity of a discrete particle falling in a
viscous fluid under the force of gravity.

Suspended
particles

Small organic or inorganic material or solids found in
water.

Gravity separation of suspended material from water is the oldest and most
widely used process in water treatment. Gravity separation historically has
meant sedimentation, where water is introduced into a large quiescent
basin for a long enough period of time so that the majority of the particles
in the water settle to the bottom of the basin. Most raw surface waters will
contain mineral particles and organic particles. Mineral particles usually
have densities ranging from 2000 to 3000 kg/m3 and will settle out readily
by gravity, whereas organic particles with densities of 1010 to 1100 kg/m3

may require a long time to settle by gravity. In a conventional treatment
train, sedimentation follows coagulation and flocculation, which are used
to destabilize particles and form large aggregates that will settle out of
suspension in a reasonable time period. Over time, sedimentation practice
has undergone a number of changes. Sedimentation tanks have been
modified to accelerate the separation process. More recently, air bubbles
have been used to float particles to the water surface for removal. Adding
air bubbles to the water is known as dissolved air flotation (DAF), which
is discussed in this chapter along with more traditional gravity separation
processes.

The removal of suspended matter from water at low cost and low energy
consumption is conceptually simple but often involves complications that
render proper sedimentation basin design a challenge for many engineers.
The performance of a sedimentation basin for a given raw-water quality
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644 10 Gravity Separation

can be understood with the help of particle-settling theories. When supple-
mented with the understanding of the practical aspects of sedimentation
basin design, sedimentation basins can be designed to perform reliably and
consistently.

The topics discussed in this chapter include (1) the classification of
particles for settling, (2) principles of discrete particle settling, (3) discrete
particle settling in sedimentation basins, (4) principles of flocculant set-
tling, (5) principles of hindered settling, (6) conventional sedimentation
basin design, (7) alternative sedimentation processes, (8) physical factors
affecting sedimentation, and (9) dissolved air flotation.

10-1 Classification of Particles for Settling

Particles are separated into four classifications based on their concentration
and morphology, as shown on Fig. 10-1. Type I particles are discrete and do

Figure 10-1
Relationship between settling
type, concentration, and
flocculent nature of particles.
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10-2 Principles of Discrete (Type I) Particle Settling 645

not interfere with one another during settling because the concentration
is low and they do not flocculate. Type I suspensions are found in grit
chambers, presedimentation basins for sand removal prior to coagulation,
and settling of sand particles during backwashing of rapid sand filters.
Type II suspensions consist of particles that can adhere to each other if they
bump into each other (i.e., they are capable of flocculating). As particles
aggregate and grow in size, they can settle faster. Type II suspensions are
found when settling occurs following iron and alum coagulation and in
most conventional sedimentation basins.

At concentrations higher than Type I and II suspensions, hindered,
or Type III, settling occurs. In hindered settling, a blanket of particles is
formed. The blanket traps particles below it as it settles; consequently, a clear
interface is found above the blanket. The settling velocity of the blanket
depends on the suspended solids concentration, with the blanket velocity
decreasing with increasing concentration. Type III suspensions are found
in thickeners (sludge disposal) and the bottom of some sedimentation
basins (e.g., lime-softening sedimentation).

At much higher concentrations than are found in Type III settling, the
suspension begins to consolidate slowly. This type of settling or consoli-
dation is known as Type IV settling or compression settling. For Type IV
suspensions, the particles may not really settle, and a more correct visualiza-
tion of what is occurring is that water flows or drains out of a mat of particles
very slowly. Type IV suspensions are found in dewatering operations, and
once they are dewatered, the suspension may become a paste or cake.

10-2 Principles of Discrete (Type I) Particle Settling

In a dilute suspension, individual particles settle based on their size and
density and do not interact with each other. Settling only occurs if the
vertical movement overcomes the random movement of particles. This
section develops the equations that describe settling velocity and then
compares the settling velocity to the velocity due to Brownian motion.

Settling Velocity
of Discrete

Particles

A particle moving vertically through a fluid is subjected to gravitational
and drag forces. The vertical forces acting on the particle are shown in
the free-body diagram on Fig. 10-2 and the force balance is given by the
expression ∑

F = Fg − Fb − Fd (10-1)

where Fg = gravitational force, N
Fb = buoyant force, N
Fd = drag force, N
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646 10 Gravity Separation

Fg

Fb + Fd

Particle
settling
in fluid

Figure 10-2
Forces acting on settling
particle.

The force balance is written so that the direction of gravitational force
is positive. Therefore, a positive settling velocity means that the particle
settles and a negative settling velocity means the particle rises. The
gravitational and buoyant forces are given by F = ma, as follows:

Fg = ma = ρpVpg (10-2)

Fb = ma = ρwVpg (10-3)

where m = mass, kg
a = acceleration, m/s2

ρp = density of particle, kg/m3

ρw = density of water, kg/m3

Vp = volume of particle, m3

g = acceleration due to gravity, 9.81 m/s2

In 1647, Issac Newton proposed that the drag force could be described by
the expression

Fd = 1
2

CdρwApv2
s (10-4)

where Cd = drag coefficient, unitless
Ap = projected area of the particle in direction of flow, m2

vs = settling velocity of the particle, m/s

If the particles are spherical, the volume and projected area are given by
the following expressions:

Vp = π

6
d3

p (10-5)

Ap = π

4
d2

p (10-6)

where dp = particle diameter, m

If a particle starts at rest, it will accelerate due to an imbalance in forces.
As the particle velocity increases, the drag force increases until the vertical
forces are balanced (i.e., �F = 0). At that time, the particle reaches a
constant velocity known as its terminal settling velocity. For conditions
typical in water treatment, the period of initial acceleration is extremely
short and not relevant in sedimentation basin design. By substituting
Eqs. 10-2 to 10-6 into Eq. 10-1 and setting �F = 0, the following expression
for terminal settling velocity is obtained:

vs =
√

4g(ρp − ρw)dp

3Cdρw
(10-7)

The drag coefficient as defined in Eq. 10-4 generally cannot be pre-
dicted theoretically. Drag coefficients are determined experimentally by
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10-2 Principles of Discrete (Type I) Particle Settling 647

measuring settling velocity in laboratory experiments and then calculating
the drag coefficient using Eq. 10-7. Analysis of experimental data reveals
that the drag coefficient depends on the Reynolds number, where the
Reynolds number is defined as

Re = ρwvsdp

μ
= vsdp

ν
(10-8)

where Re = Reynolds number, dimensionless
μ = dynamic viscosity, N · s/m2 or kg/m · s
ν = kinematic viscosity, m2/s

The drag coefficient for spheres as a function of Reynolds number is
shown on Fig. 10-3. At low Reynolds numbers (laminar region), viscous
forces control the drag force and the drag coefficient is larger because
momentum is transferred farther into the fluid. As the Reynolds number
increases, inertial forces become more significant. In the turbulent regime,
inertial forces of displaced fluid control the drag force (the particle basically
punches a hole in the fluid equal to the size of the projected area) and the
drag coefficient becomes a constant.

Over the years, many researchers have collected experimental settling
velocity data and developed various empirical correlations for the drag
coefficient, some easier to use than others. Brown and Lawler (2003)
conducted a rigorous reevaluation of much of the existing settling velocity
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648 10 Gravity Separation

data and proposed an empirical correlation for the drag coefficient that fit
all experimental data less than Re = 2 × 105. The proposed correlation is

Cd = 24
Re

(1 + 0.150 Re0.681) + 0.407
1 + 8710/Re

(10-9)

While this correlation results in a single equation for drag coefficient
that covers a wide range of Reynolds numbers, it cannot be substituted
into Eq. 10-7 and easily manipulated to produce an equation for settling
velocity. Thus, it is useful to develop simpler correlations that are reasonably
accurate over smaller ranges of Reynolds numbers. For spherical particles,
the drag coefficient Cd can be approximated by the following expressions,
depending on the magnitude of the Reynolds number (Clark, 1996):

Cd = 24
Re

for Re < 2 (laminar flow) (10-10)

= 18.5

Re0.6 for 2 ≤ Re ≤ 500 (transition flow) (10-11)

= 0.44 for 500 < Re ≤ 2 × 105 (turbulent flow) (10-12)

For comparison purposes, drag coefficients calculated using Eqs. 10-9 to
10-12 are shown in Fig. 10-3. Equation 10-9 should be considered for
rigorous laboratory studies, but in full-scale systems, confounding factors
such as heterogeneities in particle size and geometry and currents in fluid
flow reduce the usefulness of a highly accurate equation for drag coefficient.
In those circumstances, the simpler Eqs. 10-10 to 10-12 are sufficient.

The equations for drag coefficients can be substituted into Eq. 10-7 to
develop equations for settling velocity as a function of flow regime. In water
treatment, particle settling generally occurs in the laminar and transition
flow regimes. For laminar and transition flow, respectively, the equation
becomes

vs = g
(
ρp − ρw

)
d2

p

18μ
(laminar flow) (10-13)

=
[

g
(
ρp − ρw

)
d1.6

p

13.9ρ0.4
w μ0.6

]1/1.4

(transition flow) (10-14)

Equation 10-13, for spherical particles and laminar flow, is commonly
referred to as Stokes’ law.

Equation 10-13 or 10-14 is used to calculate the settling velocity depend-
ing on whether the particle is in laminar or transition flow. However, the
flow regime depends on the settling velocity, so it is not possible to predict
a priori which equation applies. It is necessary to calculate the settling
velocity using one of the equations, then calculate the flow regime based
on the resultant settling velocity, and recalculate the settling velocity with
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10-2 Principles of Discrete (Type I) Particle Settling 649

the other equation if necessary. For sand particles (density = 2650 kg/m3)
and a temperature of 20◦C, Stokes’ law is valid for particles up to 0.13 mm
in diameter, and Eq. 10-14 is valid for particles up to 1.7 mm in diameter.
Calculating terminal settling velocity is demonstrated in Example 10-1.

Example 10-1 Calculating terminal settling velocity

Calculate the terminal settling velocity for sand in water at 10◦C having
particle diameters of 75 and 180 μm and a density of 2650 kg/m3. The
density and viscosity of water at 10◦C is available in Table C-1 in App. C.

Solution
1. Calculate the settling velocity and Reynolds number for the 75-μm

sand particles.
a. Since the settling velocity is unknown, the Reynolds number is

also unknown. First, calculate settling velocity using Eq. 10-13
(Stokes’ law). From Table C-1 in App. C, μ = 1.307 N · s/m2 (or
kg/m · s) and ρw = 999.7 kg/m3.

vs = (9.81 m/s2)(2650 − 999.7 kg/m3)(75 × 10−6 m)2

18(1.307 × 10−3 kg/m · s)

= 0.00387 m/s

b. Check the Reynolds number using Eq. 10-8:

Re = ρwvsdp

μ

= (999.7 kg/m3)(75 × 10−6 m)(0.00387 m/s)

1.307 × 10−3 kg/m · s

= 0.22

Because Re < 2, laminar flow exists and Stokes’ law is valid. The
settling velocity of a 75-μm sand particle in water is 0.00387 m/s
(13.9 m/h).

2. Calculate the settling velocity and Reynolds number for the 180-μm
sand particles.
a. Calculate the settling velocity using Eq. 10-13:

vs = (9.81 m/s2)(2650 − 999.7 kg/m3)(1.80 × 10−4 m)2

18(1.307 × 10−3 kg/m · s)

= 0.0223 m/s
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650 10 Gravity Separation

b. Check the Reynolds number using Eq. 10-8:

Re = (999.7 kg/m3)(1.80 × 10−4 m)(0.0223 m/s)

1.307 × 10−3 kg/m · s
= 3.07

Since Re > 2.0, Stokes’ law is not valid.
c. Calculate the settling velocity using Eq. 10-14:

vs =
[

(9.81 m/s2)(2650 − 999.7 kg/m3)(1.80 × 10−4 m)1.6

13.9(999.7 kg/m3)0.4(1.307 × 10−3 kg/m · s)0.6

]1/1.4

= 0.0195 m/s

d. Check the Reynolds number using Eq. 10-8:

Re = (999.7 kg/m3)(1.80 × 10−4 m)(0.0195 m/s)

1.307 × 10−3 kg/m · s
= 2.68

Because Re > 2, transition flow exists and Eq. 10-14 is valid. The
settling velocity of a 180-μm sand particle in water is 0.0195 m/s
(70.1 m/h).

If the particles are hard spheres, the settling velocity as a function of
particle size does follow Eq. 10-13 or 10-14. However, flocculated particles
have fractal morphology and are composed of many flocculated small
particles. Consequently, fractal particles do not settle as rapidly as would
be estimated using a hard-sphere model. Fractal particles are discussed in
Chap. 9 and a detailed discussion of fractals can be found in Logan (1999).

Brownian Motion Particles in natural waters can be so small that they do not settle because
random movement caused by collisions with fluid molecules, known as
Brownian motion, can overwhelm the vertical movement due to gravity.
As presented in Chap. 7, Einstein equated the drag force (Eq. 10-4) to
the force of the collisions between fluid molecules and particles resulting
from the kinetic energy of the fluid molecules. For spherical particles and
perfect elastic collisions, the mean square distance traveled by a particle
due to Brownian motion can be described by the following relationship:

x2 = 2kT
3πμdp

t (10-15)

where x = distance traveled due to Brownian motion, m
k = Boltzmann’s constant, 1.38 × 10−23 J/K
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10-2 Principles of Discrete (Type I) Particle Settling 651

T = absolute temperature, K (273 + ◦C)
t = time, s
μ = dynamic viscosity, N · s/m2

dp = particle diameter, m

When the movement due to Brownian motion is large relative to the
movement due to settling, particles will not settle out of solution because the
motion of the particle will be governed by collisions with water molecules.
A comparison of Brownian motion and settling velocity is demonstrated in
Example 10-2.

Example 10-2 Comparison between distance traveled by Brownian
motion and Stokes’ settling

Estimate the size of a sand particle (sgp = 2.65) that would move the same
distance in 1 s due to Brownian motion as it would settle in water at 20◦C
based on Stokes’ law.

Solution
1. Rearrange Stokes’ law to solve for the distance settled in 1 s, noting

that v = x/t:

xs = g(ρp − ρw)d2
p

18μ
t

2. Set the equation from step 1 equal to the distance traveled by a
particle by Brownian motion, and solve for particle size:(

2kT
3πμdp

t
)0.5

= g(ρp − ρw)d2
p

18μ
t

2kT
3πμdp

t =
[

g(ρp − ρw)t
18μ

]2

d4
p

d5
p = 2kT

(
18μ

)2

3πμg2(ρp − ρw)2t

dp =
[

216kTμ

πg2(ρp − ρw)2t

]1/5

3. Substitute the values from the problem statement and solve for the
particle size. The density and viscosity of water at 20◦C is available
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652 10 Gravity Separation

in Table C-1 in App. C. At 20◦C, ρ = 998.2 kg/m3 and μ = 1.002 ×
10−3 N · s/m2. Note that the units for joules can be converted 1 J =
1 kg · m2/s2.

dp =

⎡
⎢⎣(216)(1.38 × 10−23 kg · m2/s2 · K)(293 K)(1.002 × 10−3 kg/m · s)

π
(
9.81 m/s2

)2 (
2650 − 998.2 kg/m3

)2 (
1s

)
⎤
⎥⎦

1/5

= 1.01 × 10−6 m = 1.01 μm

Comment
Based on this estimate, a 1-μm sand particle with a specific gravity of
2.65 will move about the same distance by Brownian motion and it would
by settling in 1 s. Thus, particles smaller than this are unlikely to settle in
a reasonable period of time because Brownian motion would keep them
suspended. Clearly, the relationship between Brownian motion and settling
velocity is not exact (i.e., particles will settle more slowly as the Brownian
motion increases relative to the settling velocity, but there is not an exact
point below which particles suddenly become nonsettleable). Nevertheless,
the observation that particles smaller than about 1 μm exhibit poor settling
characteristics is correct. Coagulation and flocculation (Chap. 9) can be
used to coalesce these particles into a form that settles more readily.

10-3 Discrete Settling in Ideal Sedimentation Basins

Particle settling is dependent on the nature of the particle and geometry of
the sedimentation process. As introduced in Sec. 10-1, there are four main
types of particle settling (see Fig. 10-1). The analysis of discrete particle
settling in sedimentation basins, based on the principles presented in
Sec. 10-2, is introduced in this section.

The theory for ideal settling was originally put forth by Hazen (1904).
Camp (1936) later developed a rational theory for the removal of discrete
particles in an ideal sedimentation basin. Camp divided a settling tank into
four zones, as illustrated on Fig. 10-4. The inlet, sludge, and outlet zones
were considered special tank areas that permit ideal settling in the settling
zone but do not achieve particulate removal. In addition, the following
assumptions were made by Camp to develop a theoretical basis for the
removal of discrete particles: (1) plug flow conditions exist in the settling
zone, (2) there is uniform horizontal velocity in the settling zone, (3) there
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10-3 Discrete Settling in Ideal Sedimentation Basins 653
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is uniform concentration of all size particles across a vertical plane at the
inlet end of the settling zone, (4) particles are removed once they reach
the bottom of the settling zone, and (5) particles settle discretely without
interference from other particles at any depth.

Rectangular
Sedimentation

Basins

Particle trajectories have two components in the settling zone: the settling
velocity vs and the fluid velocity vf , as shown on Fig. 10-5. For a rectangular
sedimentation basin the fluid velocity is constant. The settling velocity for
discrete particles is also constant because the particles do not flocculate or
interfere with one another. Since both horizontal and vertical components
of the velocity are constant, the particle trajectories are linear. As noted
above, every particle that enters the sludge zone is removed. A particle from
the inlet zone that enters at the top of the basin and settles in the sludge
zone just before the outlet is assigned a settling velocity of vc , or a critical
settling velocity (particle 2 in Fig. 10-5). The critical particle settling velocity
is given by the equation

vc = ho

τ
(10-16)

ho

hs

Vf

VS2

Vf

VS3

L

Settling
zone

Vf

VS1

Area, A

Particle 1

Particle 2

Particle 3

Figure 10-5
Discrete particle trajectories in
settling zone of a rectangular
clarifier.

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



654 10 Gravity Separation

where vc = particle settling velocity such that particle at surface of
inlet is removed in sludge zone just before outlet, m/h

ho = depth of sedimentation basin, m
τ = hydraulic detention time of sedimentation basin, h

The critical settling velocity may be defined as the overflow rate using the
relationships

vc = ho

τ
= hoQ

hoA
= Q

A
= OR (10-17)

where OR = overflow rate, m3/m2 · h (equal to vc)
A = area of top of basin settling zone (see Fig. 10-5), m2

Q = process flow rate, m3/h

The inlet zone is assumed to be homogenous; therefore, particles may enter
the settling zone at any height hs . Any particles in the inlet zone with a
settling velocity vs greater than or equal to the critical settling velocity vc
will be removed regardless of the starting position because their trajectories
will take them into the sludge zone before they exit the basin.

Particles with a settling velocity less than vc may also be removed,
depending on their position at the inlet, as shown on Fig. 10-5. Particles at
the top of the basin will pass through the settling zone and exit in the outlet
zone and will not be removed. However, particles starting at position hs
and lower will enter the sludge zone before exiting the basin and will be
removed. The fraction of particles that will be removed is given by the
expression

Fraction of particles removed = hs

ho
= hs/τ

ho/τ
= vs

vc
(vs < vc) (10-18)

where hs = height of particle from bottom of tank at position entering
settling zone, m

vs = particle settling velocity smaller than vc , m/h

Other terms are as defined above. Removal of particles as a function of size
is demonstrated in Example 10-3.

Example 10-3 Particle removal in sedimentation basin

Calculate the particle removal efficiency in a rectangular sedimentation basin
with a depth of 4.5 m, width of 6 m, length of 35 m, and process flow rate
of 525 m3/h. Compute the required sedimentation basin design parameters
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10-3 Discrete Settling in Ideal Sedimentation Basins 655

and plot the influent and effluent particle concentrations as a function of
particle size using a histogram. Assume the following influent particle-settling
characteristics (adapted from Tchobanoglous et al., 2003):

Settling Velocity, m/h Number of Particles, #/mL

0–0.4 511
0.4–0.8 657
0.8–1.2 876
1.2–1.6 1168
1.6–2.0 1460
2.0–2.4 1314
2.4–2.8 657
2.8–3.2 438
3.2–3.6 292
3.6–4.0 292

Total 7665

Solution
1. Compute the sedimentation basin overflow rate and critical settling

velocity using Eq. 10-17:

OR = vc = Q
A

= 525 m3/h
(6 m)(35 m)

= 2.5 m3/m2 · h

2. Compute the percent removal of particles in each size range using a
data table.
a. Compute the average settling velocity for each particle size range;

see column 2 in the table below.
b. Compute the fraction of particles removed using Eq. 10-18.

For particles with an average settling velocity of 1.0 m/h, the
fraction of particles removed is (1.0 m/h)/(2.5 m3/m2 · h) = 0.4;
see column 4. Note that for particle-settling ranges with a fraction
removed greater than 1, a value of 1 should be used.

c. Estimate the number of particles that will be removed and remain-
ing in each size range. The number of particles removed is
determined by multiplying the influent particle concentration for
a given settling velocity range by the corresponding percent
removal, (876)(0.4) = 350; see column 5. The number of remain-
ing particles is determined by subtracting the removed particles
from the influent particles for each size range, 876 – 350 = 526,
for the range 0.8 to 1.2 m/h; see column 6.
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656 10 Gravity Separation

d. The remaining values are summarized in the following table:

Average Number of Number of Number of
Settling Settling Influent Fraction of Particles Particles in
Velocity, Velocity, Particles, Particles Removed, Effluent,

m/h m/h #/mL Removed #/mL #/mL
(1) (2) (3) (4) (5) (6)

0–0.4 0.2 511 0.08 41 470
0.4–0.8 0.6 657 0.24 158 499
0.8–1.2 1.0 876 0.40 350 526
1.2–1.6 1.4 1168 0.56 654 514
1.6–2.0 1.8 1460 0.72 1051 409
2.0–2.4 2.2 1314 0.88 1156 158
2.4–2.8 2.6 657 1 657 0
2.8–3.2 3.0 438 1 438 0
3.2–3.6 3.4 292 1 292 0
3.6–4.0 3.8 292 1 292 0

Total 7665 5090 2575

3. Compute the overall particle removal efficiency:

Removal efficiency = 5090
7665

= 0.664 = 66.4%

4. Plot the influent and effluent particle concentrations for each settling
velocity range using a histogram.
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10-3 Discrete Settling in Ideal Sedimentation Basins 657
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Figure 10-6
Analysis of particle settling in circular clarifier: (a) plan view of circular clarifier and (b) particle trajectory of discrete particles
in settling zone of circular clarifier.

Circular
Sedimentation

Basins

The removal of particles in a circular sedimentation tank can also be
described using Eqs. 10-17 and 10-18, as shown on Fig. 10-6. As shown
in Fig. 10-6, the settling zone in the circular sedimentation basin extends
from radius ri to ro . As the fluid moves from the center of the tank (inlet
zone) through the settling zone, the fluid velocity changes according to the
equation

vf = Q
2πrho

(10-19)

where vf = fluid velocity, m/h
Q = flow rate, m3/h
r = distance measured from center of clarifier, m

ho = depth of settling zone, m

The trajectory of a particle that starts at the top of the inlet zone and
enters the sludge zone just before the outlet zone is shown for particle 1
on Fig. 10-6b. For a given settling time t, the particle moves a horizontal
distance given by vf �r and a vertical distance given by vc�h. Equating these
and integrating, the distance that particle 1 has settled as a function of r is
given by the equation

h = tvc = π(r2 − r2
i )ho

Q
vc (10-20)

where ri = radius of inlet zone, m
h = distance from water surface for particle 1

(see Fig. 10-6b), m
t = settling time, h

vc = critical particle settling velocity, m/h
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658 10 Gravity Separation

Accordingly, discrete particles have a parabolic trajectory in an ideal circular
sedimentation basin. Particles with a settling velocity greater than or equal
to vc are all removed. The settling velocity vc can be related to the overflow
rate according to the equation

vc = ho

τ
= hoQ

hoπ(r2
o − r2

i )
= Q

π(r2
o − r2

i )
= Q

A
= OR (10-21)

where τ = hydraulic detention time of basin, h
ro = radius of outer edge of the settling zone, m
ri = radius of inlet zone, m

OR = overflow rate, m3/m2 · h
A = area of top of basin in settling zone, m2

The result shown in Eq. 10-21 is identical to the result given in Eq. 10-17.
Consequently, the critical design parameter (overflow rate) for rectangular
and circular sedimentation basins is identical.

10-4 Principles of Flocculant (Type II) Settling

Type II settling typically occurs in conventional sedimentation basins fol-
lowing coagulation. There are two principal mechanisms of flocculation
during sedimentation: (1) differences in the settling velocities of particles
whereby faster settling particles overtake those that settle more slowly and
coalesce with them and (2) velocity gradients within the liquid that cause
particles in a region of a higher velocity to overtake those in adjacent stream
paths moving at slower velocities.

Advantages of
Flocculant
Settling

Flocculation within a sedimentation basin is considered beneficial for two
principal reasons. First, the combination of smaller particles to form larger
particle aggregates results in faster settling particles because of the increase
in size. Second, flocculation tends to have a sweeping effect in which large
particles settling at a velocity faster than smaller particles tend to sweep
some of the smaller particles from suspension. Consequently, many tiny
particles and particles that settle slowly are removed. The net effect of
flocculation during settling is a reduction in the size of the sedimentation
basin necessary for effective clarification or improved water quality exiting
the sedimentation basin.

Analysis of
Flocculant
Settling

Design equations for Type II suspensions using the flocculation equations
have proven to be impractical for sedimentation and flotation basin design.
Design of sedimentation basins is usually based on overflow rates and
detention times that have been reported in design manuals as guidelines
or by regulatory agencies. For waters with unusual settling characteristics,
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10-5 Principles of Hindered (Type III) Settling 659

a number of investigators have developed design equations based on
column experiments. In a technique developed by O’Connor and Ecken-
felder (1958), measured solids concentrations taken at regular intervals
throughout the depth of a quiescent settling column, slightly deeper
than the proposed sedimentation basin, are related to the overall percent
removal at a particular basin residence time. The water to be treated is
placed in the column and allowed to settle for the detention time of the
basin. The effluent concentration is equal to the average concentration
in the column. The average concentration can be obtained by draining
off the settled solids and then mixing the particles remaining in the col-
umn (typically with air) and then sampling the mixed liquid. The concept
behind this approach is that the column represents a fluid element that
travels as a plug through the basin and has a settling time equal to the basin
residence time.

Several fundamentals of sedimentation basin design that are different
from design principles arrived at through discrete particle settling have
been established. The depth of the basin is important because flocculent
particles tend to grow in size during their downward movement through
the basin. A greater depth facilitates floc growth and allows for sweep
flocculation at high solids concentrations at the bottom of the basin. In
general, more flocculent particles are removed in deeper basins.

10-5 Principles of Hindered (Type III) Settling

Type III settling, also known as zone settling, occurs when the settling
velocities of particles are affected by the presence of other particles. When
particles are dispersed in solution, the movement of the fluid that is dis-
placed by the particle motion has little impact on the drag force. However,
when particle concentrations are high enough to restrict the fluid velocity
fields around individual particles, a settling particle experiences increased
frictional forces. In water treatment, hindered settling typically occurs in
the lower regions of the sedimentation basin, where the concentration
of suspended particles is highest. When Type III settling occurs, particle
aggregates form a blanket of particles with a distinct interface with the
clarified liquid in the basin. Zone settling is of primary importance in water
treatment in sludge thickening and dewatering operations, as discussed in
Chap. 21.

Solids Flux
Analysis

The solids flux in a sedimentation basin or solids thickener (see Fig. 10-7)
is comprised of the downward movement of particles due to gravity settling
and the downward movement of particles due to fluid flow toward the
underdrain, as shown in the expression

JT = Js + Ju (10-22)

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



660 10 Gravity Separation

Figure 10-7
Diagram of sludge thickener or
sedimentation basin where
thickening is taking place.

Sludge blanket
moving downward
by gravity settling

and underflow
Type III
uniform settling

Transition region

Type IV
compression
settling

Influent,
Qi, Ci

Underflow,
Qu, Cu

Clarified effluent,
Qi - Qu, Ce

Surface
area, A

where JT = total solids flux toward the bottom of the basin, kg/m2 · h
Js = solids flux due to particle settling, kg/m2 · h
Ju = solids flux due to fluid flow from the underflow, kg/m2 · h

To determine the solids flux from gravity settling Js , the depth of the
blanket interface is measured as a function of time in a column that is
initially uniformly mixed with a specified solids concentration C . Data
from a settling column test is shown on Fig. 10-8. The settling velocity is
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Figure 10-8
Analysis of zone-settling (Type III) data shown in Table 10-1: (a) interfacial settling velocity as function of concentration,
(b) initial settling velocity and solids flux due to settling as function of concentration, and (c) limiting solids flux analysis for
Type III settling. (Adapted from Tchobanoglous et al., 2003.)

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



10-5 Principles of Hindered (Type III) Settling 661

determined from the initial slopes of the concentration curves shown on
Fig. 10-8a. The solids flux values due to particle settling is determined by
multiplying the concentrations of particles by their respective initial settling
velocities, as shown in the equation

Js = vsC (10-23)

where vs = settling velocity for particle concentration C , m/h
C = suspended solids concentration, kg/m3

The resultant settling velocity and solids flux values are reported in
Table 10-1 for the data presented on Fig. 10-8a. The initial settling veloci-
ties and the values for solids flux as a function of solids concentration are
presented graphically on Fig. 10-8b.

The solids flux due to the fluid flow to the underdrain, Ju , is defined as

Ju = QuC
A

= vuC (10-24)

where Qu = flow rate leaving the bottom of basin/thickener, m3/h
A = cross-sectional area of basin, m2

vu = bulk downward fluid velocity, m/h

The total flux at a suspended solids concentration C can be written in terms
of bulk fluid velocity and sludge blanket settling velocity by substituting
Eqs. 10-23 and 10-24 into Eq. 10-22, resulting in the equation

JT = (vs + vu)C (10-25)

where terms are as defined previously. The use of the solids flux equations
to size solids thickening basins is discussed below.

Limiting Flux RateThe solids loading for a basin can be determined from an analysis of
the limiting flux rate. If solids loading exceeds the limiting flux rate,

Table 10-1
Settling velocity and solids flux values

Initial Settling Velocities, vi
Solids

Concentration, Solids Flux, Js,
C, g/L m/min m/h kg/m2 · h

1 0.125 7.50 7.5
2 0.080 4.80 9.6
3 0.043 2.55 7.7
5 0.017 1.02 5.1

10 0.005 0.31 3.1
15 0.003 0.16 2.4
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662 10 Gravity Separation

solids will accumulate and eventually overflow. To determine the limiting
flux rate, an underdrain solids concentration Cu must be selected. On
Fig. 10-8c an underdrain concentration of 13 g/L is shown. The underdrain
solids concentration is typically determined based on the requirements of
downstream residuals processing operations. The limiting solids flux JL for a
given Cu can be determined by drawing a line from the desired underdrain
concentration on the x axis and through the tangent to the particle settling
flux curve. The intersect of the tangent line with the y axis is the value
of the limiting solids flux JL for the given particle settling flux curve and
selected underdrain concentration Cu . For the case shown on Fig. 10-8c,
the limiting particle concentration, CL, is about 5.5 g/L and the limiting
solids flux shown is 8.25 kg/m2 · h. The downward velocity of the bulk fluid
may be determined using the relationship

vu = JL
Cu

(10-26)

where vu = downward velocity of bulk fluid, m/h

JL = limiting solids flux, kg/m2 · h

Cu = concentration of solids in underflow, kg/m3

Area Required for
Solids Thickening

The flow rate through the underdrain can be estimated using the following
mass balance analysis. For the solids thickener shown on Fig. 10-7, a solids
mass balance is given by the expression

Suspended solids entering thickener

= suspended solids leaving thickener in effluent (10-27)

+ settled solids leaving thickener in underflow

QiCi = (Qi − Qu)Ce + QuCu (10-28)

where Qi = influent flow rate to basin/thickener, m3/h

Ci = influent suspended solids concentration, mg/L

Qu = flow rate leaving the bottom of basin/thickener, m3/h

Cu = solids concentration leaving bottom of basin/thickener,
mg/L

Ce = effluent solids concentration, mg/L

If it is assumed that Ce � Cu and Ce � Ci , Ce may be considered negligible
and the following expression is obtained for the flow rate through the
underdrain:

Qu = QiCi

Cu
(10-29)
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10-5 Principles of Hindered (Type III) Settling 663

Once the flow rate of the underflow is determined, the area required for
the basin can be determined using Eq. 10-26, substituting Qu/A for vu , and
solving for A, as shown below:

A = QuCu

JL
= QiCi

JL
(10-30)

where A = area required for thickening, m2

Other terms are as defined previously. Sizing of a thickener is demonstrated
in Example 10-4.

Example 10-4 Area required for thickening

Determine the area required for thickening for a basin that receives
600 mg/L of solids and a flow rate of 4000 m3/h for an underdrain
concentration of 15,000 mg/L. Assume the settling velocity of the sludge
blanket follows the relationship plotted on Fig. 10-8b. Also determine JL, CL,
and Qu.

Solution
1. Determine JL and CL. From the data plotted on Fig. 10-8b and an

underflow solids concentration of Cu = 15,000 mg/L, the gravity flux
is determined by drawing a line from the x axis at a solids concentration
of 15,000 mg/L to the y axis such that it is tangent to the solids flux
curve and intersects the y axis. The point at which the line intersects
the y axis is the limiting gravity flux and is equal to 7.45 kg/m2 · h.
The value for CL can also be determined by drawing a vertical line
from the tangent point to the x axis and is equal to 6500 mg/L.
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664 10 Gravity Separation

2. Determine Qu using Eq. 10-29:

Qu = QiCi

Cu
= (4000 m3/h)(600 mg/L)

15,000 mg/L
= 160 m3/h

3. Determine the area for thickening, A, using Eq. 10-30:

A = QiCi

JL
= (4000 m3/h)(600 g/m3)(1 kg/103 g)

7.45 kg/m2 · h
= 322 m2

4. Summary:

JL = 7.45 kg/m2 · h CL = 6500 mg/L

Qu = 120 m3/h A = 322 m2

10-6 Conventional Sedimentation Basin Design

Sedimentation basin design is based on applied theoretical principles
and practical considerations, including basin location in the overall pro-
cess treatment train, basin size, and basin geometry. Topics discussed in
this section include design considerations for presedimentation basins
and conventional sedimentation processes utilizing rectangular, circular,
and square basin configurations. Alternative sedimentation processes for
improved performance are described in Sec. 10-7.

Presedimentation
Facilities

Presedimentation facilities (see Fig. 10-9) are used to remove easily set-
tleable sand and silt, often present in surface water supplies, especially

Bar
screen

A A

Section A-A

Inlet
structure Outlet

structure

(a) (b)

Figure 10-9
Typical presedimentation facilities: (a) earthen basins (both lined and unlined) and (b) rectangular tank shown without
continuous mechanical sediment removal facilities.
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10-6 Conventional Sedimentation Basin Design 665

rivers, to avoid silting in treatment plant inlet piping. In general, presed-
imentation basins and tanks should be located upstream of any raw-water
pumping facility (low-lift pumps) and as close as possible to the intake
structure to avoid silting problems in the plant intake pipeline. A minimum
of two basins or tanks, either a divided single tank or two separate tanks, is
required so that one can be emptied for routine maintenance and repairs
without having to take the entire plant off-line. Where sand carryover is not
a major problem, a single tank with a bypass pipeline may be satisfactory.
Rectangular presedimentation tanks can be designed with hopper bottoms
or be equipped with continuous sediment removal facilities. Typical design
criteria for presedimentation tanks are listed in Table 10-2.

Assuming ideal settling in a rectangular basin as presented in Sec. 10-2,
the required length of a presedimentation tank can be estimated by the
equation

L = K
(

ho

vs

)
vf (10-31)

where L = length, m
K = safety factor (typically 1.5 to 2), unitless
ho = effective water depth, m
vs = settling velocity of particle to be removed, m/s
vf = mean water velocity at maximum day flow rate, m/s

The settling velocities of various sizes of fine sand particles are listed in
Table 10-3. An example of presedimentation tank design is presented in
Example 10-5.

Table 10-2
Typical presedimentation tank design criteria

Parameter Units Value

Type — Horizontal flow, rectangular tank
Minimum number of tanks Dimensionless 2
Depth (without automated sediment removal) m (ft) 3.5–5 (11.5–16)
Depth (with automated sediment removal) m (ft) 3–4 (10–13)
Minimum length-to-depth ratio Dimensionless 6:1
Length-to-width ratio Dimensionless 4:1–8:1
Surface loading ratea m3/m2 · d (gpm/ft2) 200–400 (3.3–6.6)
Horizontal mean flow velocity (at maximum
daily flow)

m/s (ft/s) 0.05–0.07 (0.16–0.23)

Detention timeb min 6–15
Minimum size of particle to be removed mm 0.1
Bottom slope m/m Minimum 1:100 longitudinal slope

Source: Adapted from Kawamura (2000).
aThe surface loading rate is also known as the overflow rate.
bDetention time in earthen basins is typically on the order of 2 to 3 h or more, depending on available space.

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



666 10 Gravity Separation

Table 10-3
Settling velocities of various sized discrete particlesa

Particle diameter, mm 1 0.6 0.4 0.2 0.15 0.1 0.08 0.06
Settling velocity, m/s 0.138 0.077 0.048 0.022 0.015 0.0069 0.0044 0.0025

aWith a specific gravity of 2.65, in still water, and a water temperature of 10◦C (50◦F) calculated using Eq. 10-13 or 10-14,
as appropriate.

Example 10-5 Presedimentation tank design

A grit chamber (one concrete structure divided into two tanks) is designed
to remove sand of 0.1 mm and larger for an average flow of 1.0 m3/s
(22.8 mgd). The maximum flow rate is to be 1.5 times the average flow and
the water temperature is 10◦C. Assuming a typical water depth of 3.0 m and
a factor of safety of 1.75, use the information in Table 10-2 to determine the
length and width of each tank and check that the surface loading (overflow)
rate and the detention time are within the recommended design criteria
ranges. Particle settling velocities are listed in Table 10-3.

Solution
1. Determine the cross-sectional area for each tank. From Table 10-2,

the horizontal-flow velocity at maximum flow is 0.05 m/s. The cross-
sectional area for each tank can be calculated as

A = (1.5)(1.0 m3/s)
(2 tanks)(0.05 m/s)

= 15 m2

For a water depth of 3.0 m, the width will be 5.0 m (15 m2/3.0 m).
2. Calculate the tank length. The length of each tank can be determined

using Eq. 10-31 as shown below:

L = K
(

ho

vs

)
vf where K = 1.75

From Table 10-3, the settling velocity vs for a 0.1-mm sand particle is
0.0069 m/s. The horizontal velocity at maximum daily flow rate from
Table 10-2 was

vf = 0.05 m/s

Substituting into Eq. 10-31,

L = (1.75) ×
(

3.0 m
0.0069 m/s

)
× 0.05 m/s = 38.0 m
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10-6 Conventional Sedimentation Basin Design 667

3. Verify the length-to-depth (L/d) and length-to-width (L/w) ratios.
a. From Table 10-2, the minimum length-to-depth ratio is 6:1:

L
d

= 38
3.0

= 12.7
1

>
6
1

OK

b. From Table 10-2, the minimum length-to-width ratio is 4:1:
L
w

= 38
5

= 7.6
1

>
4
1

OK

4. Verify the detention time and surface loading rates.
a. Determine the detention time.

τ = V
Q

= (38.0 m)(5 m)(3 m)(
1.0 m3/s
2 tanks

)
(60 s/min)

= 19 min

The calculated value is higher than the typical range of detention
time given in Table 10-2 (6 to 15 min) for average flow conditions,
but more detention time is acceptable. The detention time will be
12.7 min at maximum flow conditions.

b. Determine the surface loading rate using Eq. 10-17.

OR = Q
A

= (1.0 m3/s)(3600 s/h)(24 h/d)
(38 m)(5 m)(2 basins)

= 227 m3/m2 · d

The surface loading rate range recommended in Table 10-2 is
200 to 400 m3/m2 · d. Thus, the computed value is within the
acceptable range.

Although coarse screens are used with river intakes, a fine debris screen
with approximately 20-mm openings is often provided at the front end
of the presedimentation tank. Because the screen also acts as an effective
diffuser wall, it should be installed close to the tank inlet. If a separate
diffuser wall is specified, the total area of openings at the wall should be
about 15 percent of the tank cross-sectional area.

Rectangular
Sedimentation

Basins

Many sedimentation basins are rectangular with horizontal flow, as shown
on Fig. 10-10. A minimum of two basins should be provided so that one
may be taken off-line for inspection, repair, and periodic cleaning while the
other basin(s) remain in operation. Basins arranged longitudinally side by
side, sharing a common wall, have proven to be a cost-effective approach. In
addition, a flocculation process may be incorporated into the head end of
the sedimentation basin, minimizing piping, improving flow distribution to
sedimentation basins, and potentially reducing floc damage during transfer
between the flocculation stage and the sedimentation stage. Providing an
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668 10 Gravity Separation

Figure 10-10
Rectangular, horizontal-flow
sedimentation basin with
various outlet types:
(a) inboard effluent launders,
(b) submerged orifice
withdrawal (see also
Fig. 10-14), and (c) overflow
weir and launder.

A A

Effluent
launders

Inlet

Inlet
baffle

(a)

(b) (c)

Section A-A

Submerged
orifice weir

Overflow weir
and launder

access road around the basins will aid in operation and maintenance work
and may facilitate future plant additions.

INLET STRUCTURE

The inlet to a rectangular sedimentation basin should be designed to
distribute the flocculated water uniformly over the entire cross section of
the basin at low velocity. The flow pattern in the basin is strongly controlled
by inertial currents, density flows (e.g., temperature gradients), and wind
direction.

A well-designed inlet permits water from the flocculation basin to enter
directly into the sedimentation basin without channels or pipelines. Flow
velocity in a pipe or flume can be either too slow or too fast depend-
ing upon the daily and seasonal plant flow variations and may cause floc
settling or breakage to occur in the pipe or flume. The permissible flow
velocity to maintain floc suspension generally ranges from 0.15 to 0.60 m/s
(0.5 to 2 ft/s). A diffuser wall is one of the most effective and practical
flow distribution methods used at the basin inlet when the flocculation
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basin is directly attached to the sedimentation basin. The openings should
be small holes (100 to 200 mm diameter circular or equivalent) of iden-
tical size, evenly distributed on the wall (see discussion of diffuser walls,
Sec. 9-7, Chap. 9).

When sedimentation basins are fed from a common channel, the basin
inlet structure may consist of weirs or submerged ports, with a permeable
baffle about 2 m (6.5 ft) downstream in the sedimentation basin. Uniform
or equal distribution of flow to each sedimentation basin is also essential.

SETTLING ZONE

The basic design criteria to be considered for the horizontal-flow settling
zone are (1) surface loading rate, (2) effective water depth, (3) detention
time, (4) horizontal-flow velocity, and (5) minimum length-to-width ratio.
Typical design parameters used for rectangular sedimentation facilities are
summarized in Table 10-4 and discussed below.

Surface loading rate and settling velocity
The relationship between surface loading and the settling velocity of
discrete particles was developed by Hazen (1904) and discussed previously
in Sec. 10-3. Hazen stated that the efficiency of an idealized, horizontal-
flow settling tank is solely a function of the settling velocity of discrete
particles and of the surface loading rate (the flow rate of the basin divided

Table 10-4
Typical design criteria for horizontal-flow rectangular tanks

Parameter Units Value

Type — Horizontal-flow rectangular tank
Minimum number of tanks Unitless 2
Water depth m (ft) 3–5 (10–16)
Length-to-depth ratio, minimum Dimensionless 15:1
Width-to-depth ratio Dimensionless 3:1–6:1
Length-to-width ratio, minimum Dimensionless 4:1–5:1
Surface loading rate (overflow rate) m/h (gpm/ft2) 1.25–2.5 (0.5–1.0)
Horizontal mean-flow velocity (at maximum daily flow) m/min (ft/min) 0.3–1.1 (1–3.5)
Detention time h 1.5–4
Launder weir loading m3/m · h (gpm/ft) 9–13 (12–18)a
Reynolds number Dimensionless <20,000
Froude number Dimensionless >10−5

Bottom slope for manual sludge removal systems m/m 1:300
Bottom slope for mechanical sludge scraper equipment m/m 1:600
Sludge collector speed for collection path m/min (ft/min) 0.3–0.9 (1–3)
Sludge collector speed for the return path m/min (ft/min) 1.5–3 (5–10)

Source: Adapted from Kawamura (2000).
aCan be higher, depending upon characteristics of floc.
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670 10 Gravity Separation

Table 10-5
Settling velocity of selected floc types

Setting Velocity at 15◦C
Floc Type m/h ft/min

Small fragile alum floc 2–4.5 0.12–0.24
Medium-sized alum floc 3–5 0.18–0.28
Large alum floc 4.0–5.5 0.22–0.30
Heavy lime floc (lime softening) 4.5–6.5 0.25–0.35
Fe floc 2–4 0.12–0.22
PACl floc 2–4 0.12–0.22

by the surface area) and is independent of the basin depth and detention
time. However, most settling basins treat flocculated suspended matter (not
discrete particles) and do not have idealized flow patterns. Furthermore,
flocculent particles may increase in size while in the basin and settle faster
than predicted for a discrete particle. The settling velocities of selected floc
particles are presented in Table 10-5.

Effective depth
Sedimentation basins can be made shallow with a large surface area, but
there is a practical minimum basin depth necessary (2.5 to 3 m minimum
effective water depth) for mechanical sludge removal equipment. Also,
other factors such as flow velocity, effect of wind and sun, and required
basin area make shallow basins less practical. Effective water depth is even
more important for a basin without mechanical sludge removal facilities
since the basin must provide adequate volume for sludge deposit. With an
efficient flocculation process, about 70 percent of the floc will settle within
the first one-third of the basin length at average flow. Estimated sludge
height for well-flocculated water under normal conditions and without a
mechanical sludge removal mechanism may be 2 to 3 m (6.5 to 10 ft) at the
influent end of the basin but only 0.3 m (1 ft) in the last half of the basin.

Horizontal-flow velocity
Settling characteristics and surface loading are generally the main basis
of design, with Reynolds and Froude numbers being used as a check on
turbulence and backmixing. The Reynolds number is determined as

Re = vf Rh

ν
(10-32)

where Re = Reynolds number based on hydraulic radius,
dimensionless
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10-6 Conventional Sedimentation Basin Design 671

vf = average horizontal fluid velocity in tank, m/s

Rh = hydraulic radius, Ax/Pw , m
Ax = cross-sectional area, m2

Pw = wetted perimeter, m
ν = kinematic viscosity, m2/s

The Froude number may be determined using the equation

Fr =
v2

f

gRh
(10-33)

where Fr = Froude number, dimensionless
g = acceleration due to gravity, 9.81 m/s2

Recommended values for settling zone design determined using Eqs. 10-32
and 10-33 are Re < 20,000 and Fr > 10−5 (Kawamura, 2000). These
dimensionless numbers are useful for general design guidelines because
a large Reynolds number indicates a high degree of turbulence and a
low Froude number implies that the water flow is not dominated by
horizontal flow, and backmixing may occur. The criteria for Re and Fe
are of less significance and may be exceeded for conservatively designed
basins; a basin with an appropriate length:width ratio, low overflow rate,
and detention time of 3 to 4 h will often achieve satisfactory performance
even if the Re and Fr criteria are not met. It is more important to check
these criteria for high rate rectangular basins with detention times of 2 h
or less.

Placing longitudinal baffles (in the direction of flow) can help alleviate
poor sedimentation basin performance. Adding longitudinal baffles pro-
duces a number of parallel narrow channels and reduces the Reynolds
number and increases the Froude number. For example, if one parallel
baffle is placed into the tank and the tank is divided into two parallel tanks,
then the Reynolds number is decreased by 50 percent and the Froude num-
ber is increased by a factor of 2. To allow for sludge removal equipment,
the baffles should be separated by at least 3 m (10 ft) and can be made of
wooden planks or concrete. Baffles should never be placed in sedimenta-
tion basins where they would cause serpentine flow (180◦ turns) to occur
because the turbulence that is caused by abrupt turns will significantly
reduce particle settling.

Length-to-width ratio
The proportions of rectangular horizontal-flow sedimentation tanks can be
determined from design criteria that are listed in Table 10-4. In general,
long, narrow, and relatively deep (5 m) basins are preferred to minimize
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672 10 Gravity Separation

short circuiting. To promote plug flow in rectangular sedimentation basins,
a minimum length-to-width ratio of 4:1 to 5:1 should be maintained.
Approximately 0.5 m of tank freeboard should be provided to act as a wind
barrier. This will also have the additional benefit of preventing waves that
are produced by wind from splashing onto walkways (Kawamura, 2000).

OUTLET STRUCTURE

Outlet structures for rectangular tanks are generally composed of launders
running parallel to the length of the tank, shown on Fig. 10-10, or a simple
weir at the end of the tank. Cross baffles may be added in the vicinity of the
effluent launders to prevent the return of surface currents from the end
of the basin back toward the inlet. Water leaving the sedimentation basin
should be collected uniformly across the width of the basin. Inadequate
weir length may result in solids being carried over the effluent weir due to
excessive approach velocity. Long weirs have at least three advantages for
rectangular sedimentation tanks: (1) a gradual reduction of flow velocity
toward the end of the tank, (2) minimization of wave action from wind,
and (3) collection of clarified water located in the middle of the tank
when a distinct density flow occurs in the basin. Some disadvantages of
long effluent launders are that they are expensive and the support columns
for them must be designed so they do not interfere with sludge collection
devices. With proper sedimentation basin design, long effluent launders
may provide only a marginal improvement in effluent turbidity and a simple
weir at the end of the tank may provide a satisfactory result.

The water level in the sedimentation basin is controlled by the end wall
or overflow weirs. V-notch weirs are commonly attached to launders and
broad-crested weirs are attached to the end wall. Submerged orifices or
weirs have sometimes been used on the outlet structure when discharging
clarified water to a rapid sand filtration system to avoid breakup of fragile
alum floc and turbidity breakthrough in rapid sand filters. For high-rate
filter designs (dual and monomedia), there is little concern over floc
breakage because high-rate filters require a small, strong floc, and filter
aids are added prior to filtration primarily for improved particle attachment
in the filter. The optimal weir-loading rate will depend on the individual
design of the facility and a general rule does not exist. For example,
lowering the weir loading rate by 50 percent may not result in a significant
improvement of sedimentation efficiency, partly due to density currents.

In the past, installation of a permeable baffle at the tank outlet was a
popular design, but the effect of the outlet baffle was often not beneficial
and, in fact, may have an adverse effect on basin performance due to floc
carryover, as shown on Fig. 10-11.

SLUDGE ZONE

Sludge collects in the bottom of the sedimentation basin, and in a rect-
angular basin, more sludge settles near the inlet than the outlet end of
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Floc
carryover

Influent
channel

Effluent
channel

Figure 10-11
Floc carryover effect
resulting from presence of
effluent permeable baffle.

the basin. To facilitate sludge removal, the bottom of the basin is typically
sloped toward a sludge hopper. For manual sludge removal systems, water
is drained from the basin and pressurized water is used for solids flushing;
the bottom slope should have a slope of at least 1:300 to ensure gravity
movement of sludge. If mechanical sludge scraper equipment is used, the
bottom slope should be at least 1:600. The basin bottom may be level
when mechanical equipment uses a vacuum to remove sludge. If local
labor is inexpensive or if funds for investment are limited, sedimentation
tanks may be designed without mechanical sludge removal. However, provi-
sions should be made for possible future installation of mechanical sludge
removal equipment.

Manufacturers produce several types of mechanical collectors for rect-
angular sedimentation basins. The major types of mechanical collectors
for rectangular basins are (1) chain-and-flight (plastic material) collectors
(see Fig. 10-12), (2) a traveling bridge with sludge-scraping squeegees and
a mechanical cross collector at the influent end of the tank, (3) a traveling
bridge with sludge suction headers and pumps, and (4) sludge suction
headers supported by floats and pulled by wires.

Figure 10-12
Chain-and-flight-type sludge collector.
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674 10 Gravity Separation

The standard maximum width of the chain-and-flight sludge collector is
6 m (20 ft), and the operation and maintenance cost usually increases for
the chain-and-flight collectors if the length of the basin exceeds 60 m. When
mechanical scraper units are used, the velocity of the scraper should be kept
below 18.0 m/h to prevent resuspending the settled sludge. For suction
sludge removal units, the velocity can be 60 m/h because the principal
concern is not the resuspension of settled sludge but the disruption of the
settling process.

Traveling bridges can span up to 30 m (100 ft) with widths 12 to 30 m
(40 to 100 ft) usually being the most cost effective. Because the width of
sedimentation basins is often less than 15 m (50 ft), using one bridge to
span two or three tanks can significantly reduce the capital investment for
sludge removal equipment. Both the drain and sludge draw-off pipelines
should have a minimum diameter of 150 mm (6 in.) to prevent clogging
problems. Additionally, traveling bridges are susceptible to high winds,
and in cold-weather climates, the pumps and piping need cold-weather
protection as they are exposed above the water. Sedimentation basin design
is demonstrated in Example 10-6.

Example 10-6 Sedimentation basin design

A water treatment plant with a maximum daily flow of 3 m3/s (1.5 times the
average flow of 2 m3/s) is treating surface water. The water is coagulated
with alum and the alum floc was measured to have a settling velocity
of 2.2 m/h at 10◦C (50◦F). The dynamic viscosity of water at 10◦C is
0.00131 kg/m · s and the density is 999.7 kg/m3. Design a horizontal-
flow rectangular sedimentation basin with a chain and flight sludge removal
system including the number of basins and the basin dimensions. The design
is based on the maximum flow rate.

Solution
1. Determine the number of basins. Two basins would satisfy the mini-

mum requirement for maintenance purposes. However, if one basin
were off-line, the entire plant flow would be directed through the
remaining basin, possibly resulting in overloading of the basin. To
minimize the risk of basin overloading, three basins will be selected.

2. Determine the size of each basin.
a. Select the basin width and depth. The basin width will be governed

by the standard size of sludge removal equipment. The standard
maximum width of the chain-and-flight sludge collector is 6 m, so
basin widths in increments of 6 m will be considered, starting with
18 m. Water depths from 3 to 5 m are appropriate, according to

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



10-6 Conventional Sedimentation Basin Design 675

the design criteria listed in Table 10-4. As previously mentioned,
deeper basins are recommended over shallower basins, so a
depth of 4 m will be selected.

b. Determine the basin area. The settling velocity such that the
particle is removed in the sludge zone just before the outlet, vc, is
given as 2.2 m/h at 10◦C. (This value is also equal to the overflow
rate.) Use Eq. 10-17 to determine the basin surface area:

A = Q
vc

= 3 m3/s
(2.2 m/h)(1 h/3600 s)

= 4909 m2

c. Determine the length using the design guidelines in Table 10-4 for
length-to-width ratios. For three tanks that are 18 m (60 ft) wide,
the tank length and length-to-width ratio can be estimated:

L = 4909 m2

3 basins × 18 m
= 90.9 m

L
W

= 90.9
18

= 5.05
1

The length-to-width ratio is greater than the minimum recommen-
dation of 4:1 to 5:1.

3. Check the various design parameters listed in Table 10-4.
a. Check the detention times at Qmax and Qave:

Detention time for Qmax = (18 × 90.9 × 4) m3 × 3 basins
(3 m3/s)(3600 s/h)

= 1.82 h

Detention time for Qave = 1.5 × 1.82 h = 2.73 h

These detention times are within the acceptable range of 1.5
to 4 h.

b. Check the length-to-depth ratio:
L
D

= 90.9
4

= 22.7
1

The basin length-to-depth ratio is 22.7:1, which is greater than the
minimum recommentation of 15:1.

c. Check the horizontal-flow velocity. The mean velocity is given by
the expression

vf = Q
A

= (3 m3/s)(60 s/m)
18 m × 4 m × 3 basins

= 0.833 m/min

The mean velocity is greater than 0.3 m/min and less than
1.1 m/min.
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676 10 Gravity Separation

d. Check the Reynolds and Froude numbers using Eqs. 10-32 and
10-33:

Re = ρvfRh

μ

Rh = Ax

Pw
= 4 m × 18 m

18 m + 2(4 m)
= 2.77 m

vf = 0.833 m/min
60 s/min

= 0.014 m/s

Re = (999.7 kg/m3)(0.014 m/s)(2.77 m)
0.00131 kg/m · s

= 29,594

The Reynolds number of 29,594 is higher than the recommended
value of 20,000 for a horizontal sedimentation basin.
The Froude number is given by Eq. 10-33:

Fr = v2

gRh
= (0.014)2 m2/s2

(9.81 m/s2)(2.77 m)
= 7.2 × 10−6

The Froude number is lower than the recommended value for
sedimentation tanks, so the tank design must be modified.

4. Consider the addition of two longitudinal baffles per basin and recom-
pute the Reynolds and Froude numbers.

Rh = Ax

Pw
= 4 m × 6 m

6 m + 2(4 m)
= 1.71 m

Re = (999.7 kg/m3)(0.014 m/s)(1.71 m)
0.00131 kg/m · s

= 18,162 < 20,000 OK

Fr = (0.014)2 m2/s2

(9.81 m/s2)(1.71 m)
= 1.17 × 10−5 > 10−5 OK

Comment
The values of the Reynolds and Froude numbers after the addition of
longitudinal baffles are within the acceptable range; however, they are
evaluated at the maximum daily flow. As water demand changes with the
season, the number of basins that are online needs to be selected to keep
the basins operating within the Reynolds and Froude number guidelines.
Note that the Re and Fr criteria are not as significant for conservatively
designed basins.
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10-6 Conventional Sedimentation Basin Design 677

Circular
Sedimentation

Basins and
Upflow Clarifiers

Circular sedimentation tanks, also known as upflow clarifiers, have been
used in many cases because they provide an opportunity to use relatively
trouble-free circular sludge removal mechanisms and, for small plants,
can be constructed at a lower capital cost per unit surface area. However,
circular tanks tend to need more piping for water and sludge conveyance
to and from the tanks than a rectangular basin configuration.

Circular tank diameters are calculated on the basis of overflow rates using
approximately the same criteria that are used for rectangular basin design
(see Table 10-4). Circular tanks, as shown on Fig. 10-13, may have center
feed or peripheral feed. A circular sedimentation basin with center feed
and peripheral collection using radial submerged orifice weirs is shown
on Fig. 10-14. The inlet structure used for center-feed configurations is
a circular weir around the influent vertical rise pipe. For peripheral-feed
tanks, the inlet weir is located around the perimeter of the tank. Inlet weirs
provide energy dissipation and direct the flow downward into the depths of
the settling tank where particles are removed. Particles settle as the water
rises to the outlet structure. Baffles near the outlet and surface-skimming
devices are not used unless the influent water has problems with debris and
floatable material.

Influent

Influent

Overflow
weir

Solids Solids

Effluent
Effluent

Peripheral
launder

Peripheral
launder

Peripheral
distribution

system

(a) (b)

Figure 10-13
Circular sedimentation basins: (a) center feed with radial collection and (b) peripheral feed with peripheral collection.
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Figure 10-14
View of circular sedimentation basin with radial
collection troughs with submerged orifices.

The design of circular clarifiers requires careful consideration of factors
such as surface loading, uniform flow distribution into the settling zone,
minimization of flow short circuiting from hydraulic and density currents,
uniform withdrawal of clarified water, and sludge withdrawal without dis-
turbing settling efficiency. For upflow clarifiers, the vertical-flow rise rate
becomes an additional criterion; at any selected level, the flow rise must
be less than the respective floc-settling rate. Refer to Table 10-5 for settling
velocities of various flocs.

The most significant potential problem of center-feed circular clarifiers
is short circuiting of the upward flow of water. Hydraulic short circuiting
can be particularly significant when the peripheral collection channel
is not equipped with radial weirs or when the influent contains a high
solids concentration that flows along the tank bottom. Circular tanks may
experience density currents along the bottom when the turbidity of the raw
water exceeds about 50 NTU or when there is a temperature difference
(as little as 0.3◦C or 0.5◦F) between the inflow and the ambient water.
Placing the peripheral launder trough two-thirds to three-fourths of the
radial distance from the center minimizes the density currents and produces
better quality water. Because of the potential problems with hydraulic short
circuiting, the best use of upflow clarifiers is for clarification of waters with
heavy, noncolloidal solids loading such as filter-to-waste washwater.

To address problems with short circuiting in center-feed clarifiers, a
peripheral-feed clarifier was developed that introduces flow between the
tank wall and an annular skirt. The peripheral-feed design allows the inflow
to enter the settling zone near the tank bottom. To ensure uniform flow
distribution and additional loading capacity, the orifices in the annular inlet
channel should be designed so that the head loss across each orifice inlet
is approximately 10 to 15 mm. Peripheral-feed designs have two to three
times the loading permissible with center-feed clarifiers. Peripheral-feed,
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(see also Fig. 10-14)
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Figure 10-15
Square sedimentation basins: (a) square basin close coupled with flocculation facilities and (b) square basin with center feed.

peripheral-collection clarifiers (e.g., Kraus–Fall peripheral-feed sedimen-
tation tank) have proven more efficient for high solids influent water.

Square
Sedimentation

Basins

Square sedimentation tanks, shown on Fig. 10-15, were developed in an
effort to combine the advantages of common-wall construction of rectangu-
lar basins with the simplicity of circular sludge collectors. However, several
features of square basins have presented difficulties for sedimentation
processes. For example, the effluent launders are constructed along the
perimeter of the basins, resulting in the corners having more weir length
per degree of radial arc. Thus, flows are not distributed equally and solids
preferentially accumulate in the corners of the basin. Corner sweeps, added
to the circular sludge collector mechanisms to remove sludge settling in
the corners, have been a source of mechanical difficulty. While the corners
can be steeply sloped so that the sludge may flow by gravity to the circular
sludge collectors, there are relatively few square basins constructed for
water treatment.

10-7 High-Rate Sedimentation Processes

The use of large quiescent basins such as those described above to settle
particles out of water has been established as an appropriate method for
particle removal. However, these basins require large land areas, which
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are not always available, and plant upgrades to accommodate increasing
water demand may be constrained by the available site area. Increasing
the overflow rate in sedimentation basins and achieving the same or better
water quality would allow new water treatment plants to fit on smaller
sites and existing water treatment plants to expand without having to use
additional land area. For example, a high-rate tube settler module, as
described below, can be installed under the long launders, significantly
increasing the tank loading rate without adding basin volume. Alterna-
tive approaches to sedimentation, such as high-rate clarification using
parallel-plate or tube settlers, upflow clarifiers, sludge blanket clarifiers,
and ballasted sedimentation, are discussed in this section.

Tube and Lamella
Plate Clarifiers

Increasing particle size or decreasing the distance a particle must fall prior to
removal can accelerate sedimentation of aqueous suspensions. Particle size
increase is achieved by coagulation and flocculation prior to sedimentation.
Reducing the settling distance can be achieved by making the entire basin
shallower, but practical aspects of sludge storage, equipment movement,
and wind effects on the surface limit this approach.

To decrease the distance a particle must fall, the clarification process
must be separated from the process of sludge withdrawal and surface
current effects. One approach is to provide parallel plates or tubes in
the sedimentation basin, permitting solids to reach a surface after a short
settling distance. If these settling surfaces (plates or tubes) were oriented
in a horizontal direction, they would eventually fill with solids, which would
increase the head loss and eventually increase velocities to a point that
the suspended materials would be scoured back into suspension. Inclining
the surfaces to a degree where the solids can slide from the plate or
tube surface results in the settled particles depositing in the sludge zone.
Inclined plate settlers are illustrated on Fig. 10-16. Some design aspects and
process selection criteria for high-rate settlers are discussed below.

SETTLING CHARACTERISTICS AND SURFACE LOADING RATE

The settling characteristics of the suspended particles to be removed and the
portion of the total tank surface area that is covered by the settler modules
primarily control the surface loading for high-rate settlers. Design criteria
for Lamella settlers in rectangular sedimentation basins are provided in
Table 10-6. The surface loadings presented in Table 10-6 are based on
the footprint area and not the top area of the plates or projected area.
In cold regions where alum floc is to be removed, the maximum surface
loading should be limited to 150 m3/m2 · d (2.6 gpm/ft2). Pilot testing
may help establish design criteria, but criteria used for design should be
more conservative than pilot test results to allow for poor inlet conditions,



10-7 High-Rate Sedimentation Processes 681

A A

Section A-A

Weir plate

Launder

Inclined
settlers

Launders
Inclined
settlers

Cham and flight
sludge collector

Diffusion
baffle

Influent

Effluent

(b)

(a)

Figure 10-16
Rectangular sedimentation basin with
inclined plate settlers: (a) plan view of
basin and (b) section through inclined
plates. (Adapted from Kawamura,
2000.)

Table 10-6
Typical design criteria for horizontal-flow rectangular tanks with tube settlers

Parameter Units Value

Type — Horizontal-flow rectangular tank
Minimum number of tanks Unitless 2
Depth m (ft) 3–5 (10–16)
Surface loading for plate or tube settlers: alum floca m/h (gpm/ft2) 2.5–6.25 (1–2.5)
Surface loading for plate or tube settlers: heavy floca m/h (gpm/ft2) 3.8–7.5 (1.5–3.0)
Typical hydraulic diameter mm 50–80
Maximum-flow velocity in plate or tube settlers m/min (ft/min) 0.15 (5)
Detention time in tube settlers min 6–10
Detention time in plate settlers min 15–25
Fraction of basin covered by plate or tube settlers % <75
Launder weir loadingb m3/m · h (gpm/ft) 3.75–15 (5–20)
Flow direction — Normally countercurrent upflow
Plate or tube angle deg 60◦

Mean horizontal velocity m/min (ft/min) 0.05–0.13 (0.15–0.5)
Reynolds number Dimensionless <20,000
Froude number Dimensionless >10−5

Source: Adapted from Kawamura (2000).
aBefore the plate or tube settlers are installed.
bCan be higher depending on the characteristics of the floc and the type of plate or tube settlers used.
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density flow, inappropriate coagulant dosage, or other unforeseen negative
factors. While Reynolds and Froude numbers discussed in Sec. 10-6 have
only limited use in conventional sedimentation basin design, they are good
design guides for high-rate settlers.

DETENTION TIME IN PLATE AND TUBE SETTLERS

The discussion on the theoretical performance of a sedimentation basin
demonstrated that the removal of Type I particles depended on the overflow
rate. For a basin depth ho and a theoretical detention time τ, particles with
a settling velocity vs would be removed if vs ≥ ho/τ (which is equal to
the overflow rate). Consequently, if plates or tubes are inserted into a
sedimentation basin, then greater particle removal is expected because the
detention time remains the same, but the distance that particles must settle
before they are removed is greatly reduced. Both parallel-plate settlers and
tube settlers typically have detention times less than 20 min, but they still
have a settling efficiency comparable to that of a rectangular settling tank
with a minimum 2 h detention time.

SOLIDS REMOVAL

Usually settled floc or sludge does not adhere to the plates or tubes but
rather slides down to the tank bottom for subsequent mechanical sludge
removal. Settlers may be designed with a scouring device, such as water jets
or compressed air, to remove flocs such as biological floc that may adhere
to the settler surface. For certain applications, downflow settlers can be
used to enhance the self-cleaning action. A tank equipped with high-rate
settler modules must provide continuous sludge removal because of the
high sludge accumulation rate produced by the high-rate settler modules.
A chain-and-flight sludge collector is one of the most suitable types of sludge
removal mechanisms when used with high-rate settler modules, although
traveling bridge collectors may also be used if channels for the sludge
header passage are included.

PROCESS CONFIGURATION

To allow for better inlet flow conditions, the front one-quarter length
of a rectangular horizontal-flow sedimentation basin is free from settler
modules, as shown on Fig. 10-16a. Following the settling modules, a launder
system is used to collect clarified water uniformly from the area covered by
the settler modules. The modules can be hung from the launders, thereby
eliminating an elaborate support system. Launders are usually spaced 3 to
4 m on center.

There are three alternatives for placement of tubes or plates in a
sedimentation basin: (a) countercurrent, (b) cocurrent, and (c) cross
flow, as shown on Fig. 10-17. The following settling analysis is presented
for plate settlers; however, tube settlers may be modeled using a similar
technique.
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Figure 10-17
Flow patterns for inclined settling systems: (a) countercurrent, (b) cocurrent, and (c) cross flow. (Courtesy of Infilco
Degrémont, Inc.)

Countercurrent settlers
The settling time for a particle to move between countercurrent parallel
plates is given by the expression

t = d
vs cos θ

(10-34)

where t = settling time, s
d = distance between two parallel plates (perpendicular to

plates), m
vs = particle settling velocity, m/s
θ = inclination angle of plates from horizon, deg

If a uniform velocity is assumed, then the particle travel time spent in the
plates is given by the expression

tp = Lp

vf θ − vs sin θ
(10-35)
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where tp = particle travel time spent in plates, s
Lp = length of plate, m
vf θ = fluid velocity in channel, m/s

If the trajectory of a particle that is shown on Fig. 10-17 is considered, then
all of the particles with settling velocity vs are removed and tp is equal to the
settling time t (equating Eq. 10-34 to Eq. 10-35). Further, those particles
with a larger settling velocity are also removed, as shown by the expression

vs ≥ vf θd
Lp cos θ + d sin θ

(10-36)

The fluid velocity vf θ may be determined from the number of channels:

vf θ = Q
N dw

(10-37)

where Q = flow rate, m3/s
N = number of channels, dimensionless
d = distance between two parallel plates (perpendicular to

plates), m
w = width of channel, m

The fluid velocity vf θ is also related to the overflow rate of the basin
assuming that the surface area of the basin is comprised of plates and the
area occupied by the plates is ignored:

vf θ = Q
N dw

= Q
A sin θ

(10-38)

where A = top area of basin, m2

Other terms are as defined above.
Particles with settling velocities less than vs may also be removed, depend-

ing on where they enter the plate.

Co-current settlers
For co-current settling, the settling time for a particle to move between two
parallel plates is given by Eq. 10-34. The time that particles moving with the
fluid spend in the plates is given by the expression

tp = Lp

vf θ + vs sin θ
(10-39)

where tp = particle travel time spent in plates, s
Lp = length of plate, m
vf θ = fluid velocity in channel, m/s
vs = particle settling velocity, m/s
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If tp is equal to settling time t (equating Eq. 10-34 to Eq. 10-39), then the
particles with settling velocity vs are removed. Further, those particles with
a larger settling velocity are also removed, as shown by the expression

vs ≥ vf θd
Lp cos θ − d sin θ

(10-40)

Cross-current settlers
For cross-current settling, the settling time for a particle to move between
two parallel plates is also given by Eq. 10-34. The time that particles moving
with the fluid spend in the plates is given by the expression

tp = Lp

vf θ

(10-41)

where tp = particle travel time spent in plates, s
Lp = length of plate, m
vf θ = fluid velocity in channel, m/s

If tp is equal to settling time t (equating Eq. 10-34 to Eq. 10-41), then the
particles with settling velocity vs are removed. Further, those particles with
a larger settling velocity are also removed, as shown by the expression

vs ≥ vf θd
Lp cos θ

(10-42)

The design of plate settlers is demonstrated in Example 10-7.

Example 10-7 Design of sedimentation process with plate settlers

A sedimentation basin has been retrofitted with 2.0-m (6.6-ft) square inclined
plates spaced 50 mm (2.0 in.) apart. The angle of inclination of the plates
can be altered from 0◦ to 80◦. Assuming that the sedimentation basin can be
used for countercurrent, co-current, or cross-flow sedimentation, determine
which flow pattern is the most efficient for particle removal, ignoring any
hydraulic problems that may arise as a result of flow distribution and sludge
resuspension (adapted from Gregory et al., 1999).

Solution
1. Develop equations that can be used to compare the ratio of settling

velocity to the fluid velocity for the three flow types from Eqs. 10-36,
10-40, and 10-42. The following equations for the ratio of the settling
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velocity to the fluid velocity can be used to evaluate which configuration
can capture the solids with the lowest settling velocity. Laminar flow
or a constant velocity across the plate is assumed:

Countercurrent flow:
vs

vfθ
= d

Lp cos θ + d sin θ

= 0.05 m
(2.0 m × cos θ) + (0.05 m × sin θ)

Co-current flow:
vs

vfθ
= d

Lp cos θ − d sin θ

= 0.05 m
(2.0 m × cos θ) − (0.05 m × sin θ)

Cross flow:
vs

vfθ
= d

Lp cos θ
= 0.05 m

2.0 m × cos θ

2. Calculate the settling velocity–fluid velocity ratio for various plate
angles for all flow types. The following table was prepared using the
equations developed in step 1:

Vs/V θ for Given Angle of Inclination

Flow Pattern 0◦ 10◦ 20◦ 30◦ 40◦ 60◦ 75◦ 80◦

Countercurrent flow 0.025 0.025 0.026 0.028 0.032 0.048 0.088 0.126
Co-current flow 0.025 0.026 0.027 0.029 0.033 0.052 0.106 0.168
Cross flow 0.025 0.025 0.027 0.029 0.033 0.050 0.096 0.144

3. Compare the settling velocity–fluid velocity ratios calculated in step 2.
For angles less than 60◦, there is very little difference in the calculated
ratios between the various flow arrangements. However, above 60◦

countercurrent flow provides the most efficient operation as particles
with the smallest settling velocity are removed.

Comment
Based on the computations shown in this example, there is little difference
between the various flow arrangements for angles less than 60◦. Counter-
current flow provides the most efficient operation above 60◦ as it allows
settlement of particles with the smallest settling velocity.
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PROCESS SELECTION

While the theoretical design and operation of high-rate settlers appear to
provide an excellent alternative to conventional settlers, the performance
of high-rate settlers can be greatly reduced due to the following conditions
(Kawamura, 2000): (1) poor flocculation, (2) poor inlet flow distribution,
(3) scaling (e.g., CaCO3), and (4) algal growth. In addition to these
performance issues, the following aspects of high-rate clarifiers should be
considered.

Angle of inclination
Early development studies were conducted using flat parallel plates, shallow
trays, and circular pipes or tubes. The feed rates were set so as to maintain
laminar flow at all times. Tests indicated that for alum-coagulated sludge
and countercurrent flow solids would remain deposited in the tubes until
the angle of inclination was increased to 60◦ or more from horizontal.
However, for co-current flow, the angle of inclination could be reduced to
approximately 30◦.

Flow pattern
In theory, the three flow patterns described above have little difference
in performance when the angle of inclination is great enough for sludge
to move toward the sludge zone when under the influence of gravity.
However, in practice, co-current or cross-flow designs do not perform as
well as countercurrent designs. Co-current designs have the problem of
keeping the effluent water from resuspending the sludge. For cross-flow
designs, it is difficult to obtain good flow distribution because water flow
through the sludge zone has a smaller resistance than through the plates.
Consequently, countercurrent designs are the most common.

Tube shape
Based on an analysis of tube shapes, there appears to be little difference
between the efficiency of the various tubes, but the hexagon tube or chevron
(see Fig. 10-18) may have some advantages because sludge can collect in the
notch of these channels. While parallel plates are efficient, their installation
and manufacture can be difficult to maintain even spacing and ultimately
uniform flow.

Solids Contact
Clarifiers

Solids contact clarifiers have been used to achieve suspended solids removal
in less space than conventional sedimentation basins. Solids contact units
are usually found in industrial and municipal applications, where lime soft-
ening or softening clarification is the major treatment process and uniform
flow rates and constant water quality prevail. Solids contact clarifiers can
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Rectangular, layers
alternating direction

Chevron
Hexagonal

Rectangular tubesCircular tubesSquare tubes

Figure 10-18
Typical configurations for tube settlers. (Adapted from Gregory et al., 1999.)

be categorized as reactor clarifiers, sludge blanket reactors, and adsorp-
tion reactors. Design criteria and other data for the solids contact units
are summarized and compared with conventional rectangular clarifiers in
Table 10-7.

REACTOR CLARIFIERS

In conventional treatment process design, the unit operations of rapid
mixing, flocculation, and sedimentation are all set out in individual unit
processess in-series operation. In a reactor clarifier, all these processes are
combined in one unit. This combined process has significant advantages,
such as reduced cost and more effective use of the sludge blanket. On
the other hand, because all the unit operations are in one unit, usually
stacked vertically, sludge blanket or reactor clarifiers reduce, somewhat,
the ability of both the designer and the operator to refine the design and
operating criteria for each of these operations. Most of these devices are
preengineered, packaged proprietary devices that trade reduced flexibility
to achieve greater optimization of a particular process option. In some
circumstances these products are an excellent choice.

There are several proprietary reactor clarifier designs. Generally, these
devices are used in smaller plants; however, some of them see regular use in
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Table 10-7
Typical design criteria for sedimentation processes and their principal applications

Typical Applications Design Criteria Advantages Disadvantages

Rectangular Basin (Horizontal Flow)
• Many municipal and

industrial water works
• Particularly suited to

large-capacity plants

• Surface loading:
30–60 m3/m2 · d
(0.3–1.0 gpm/ft2)

• Water depth: 3–5 m
(10–16 ft)

• Detention time: 1.5–4 h
• Minimum length-to-width

ratio 4:1 to 5:1
• Weir loading <9–13 m2/h

(12–18 gpm/ft)

• More tolerance to
shock loads

• Predictable
performance under
most conditions

• Easy operation and
low maintenance
costs

• Easily adapted for
high-rate settler
modules

• Subject to density
flow creation in basin

• Requires careful
design of inlet and
outlet structures

• Usually requires
separate flocculation
facilities

Upflow (Radial Flow)
• Small to midsize

municipal and industrial
water treatment plants

• Best suited where rate
of flow and raw-water
quality are constant

• Surface loading:
30–45 m3/m2 · d
(0.5–0.75 gpm/ft2)

• Water depth: 3–5 m
(10–16 ft)

• Settling time: 1–3 h
• Weir loading: 170 m3/

m · d (13,700 gpd/ft)

• Economical compact
geometry

• Easy sludge removal
• High clarification

efficiency

• Problems of flow
short circuiting

• Less tolerance to
shock loads

• Need for more careful
operation

• Limitation on practical
size unit

• May require separate
flocculation facilities

Solids Contact Clarifiersa

• Water softening
• Flocculation–

sedimentation treatment
of raw water that has
constant quality and
rate of flow

• Plants treating a raw
water with low solids
concentration

• Flocculation time: ∼20 min
• Settling time: 1–2 h
• Surface loading:

50–75 m3/m2 · d
(0.85–1.28 gpm/ft2)

• Weir loading:
175–350 m3/ m · d
(14,000–28,000 gpd/ft)

• Upflow velocity:
<10 mm/min (2 in./min)

• Higher maintenance costs
and need for greater
operator skill

• Slurry circulation rate:
up to 3–5 times
raw-water inflow rate

• Good softening and
turbidity removal

• Flocculation and
clarification in
one unit

• Compact and
economical design

• Sensitive to shock
loads and changes
in flow rate

• Sensitive to
temperature change

• Two to 3 days
required to build up
necessary sludge
blanket

• Plant operation
dependent on single
mixing motor

Source: Adapted from Kawamura (2000).
aReactor clarifiers and sludge blanket clarifiers are often considered as one category, solids contact clarifiers.
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large water treatment facilities. Most are preengineered units that involve a
trade-off between flexibility and experience with refinement of a particular
design. Three of the more common design types—reactor clarifiers, sludge
blanket clarifiers, and adsorption clarifiers—are illustrated on Fig. 10-19
and are described below.

Reactor clarifiers are center-feed clarifiers with a flocculation zone built
into the central compartment (see Fig. 10-19a). Generally, these units
contain a single motor-driven mixer, with recirculation of the sludge slurry
(sometimes optional), followed by a settling zone in a separate outer
annular compartment. When slurry recirculation is featured, these are
often called solids contact clarifiers and generally include an impeller
that provides considerable recirculation. The concentration in the unit is
controlled by an adjustable timer on a sludge blow-off line. When using
alum, it is common practice to maintain the slurry concentration in the
mixing zone at 5 to 20 percent of the sludge volume after 10 min of settling.
The slurry concentration is somewhat higher in softening. Reactor clarifiers
work well in both clarification and softening, but, in the case of clarification
using aluminum or iron salts, sludge recirculation improves performance
at the expense of a significantly increased chemical requirement. In the
case of lime softening, sludge recirculation improves both performance
and chemical consumption.

SLUDGE BLANKET CLARIFIERS

The sludge blanket clarifiers are solids contact clarifiers with a distinct
solids layer that is maintained as a suspended filter through which flow
passes (see Fig. 10-19b). The sludge blanket unit contains a central mixing
zone for partial flocculation and a fluidized sludge blanket in the lower
portion of the settling zone. Partially flocculated water flows through the
sludge blanket where flocculation is completed and solids are retained by
adsorption and filtration. The sludge level is normally 1.5 to 2 m (4.5 to
6 ft) below the water surface, and clarified water is collected in launder
troughs along the top of the unit. Sludge blanket clarifiers are made with
or without sludge recirculation mechanisms. Sludge blanket clarifiers are
compared with other processes in Table 10-7.

Design criteria for sludge blanket clarifiers are essentially the same as
for sludge recirculation reactor clarifiers. However, the launder troughs
should be sufficiently spaced to avoid sludge spillover. The launder spacing
should be less than twice the distance between the water level and the top
of the fluidized sludge blanket, approximately 4.5 m (15 ft). The troughs
are typically arranged radially or in parallel.

Generally, sludge blanket clarifiers should be used only where the raw-
water characteristics and flow rates are relatively uniform. Given these



10-7 High-Rate Sedimentation Processes 691

Treated
water

Sludge

Sludge

Water to
be treated

Solids
recirculation

Chemical
addition

Clarified water
to weir overflow

Mixing and
flocculation

zone

Treated
water

Water to
be treated

Buoyant media
compacted during

clarification

Clarified water
collected using 
overflow weir

Air manifold
not used during
clarification

Waste
washwater

Influent water
used to flush

reactor during
cleaning

Air

Buoyant media
expanded during

cleaning cycle

Waste washwater collected
in trough during cleaning cycle

Air supplied through
manifold during cleaning
cycle to scour media

Clarification cycle Cleaning cycle

Sludge Sludge

Water to
be treated

Chemical
addition

Vacuum pump

Central vacuum chamber

Vent valve to
release vacuum

Water level rises under vacuum
and falls when vented to pulse sludge

bed with accumulated water

Clarified water withdrawn
using launders with submerged

orifices (typical)

Laterals from central distribution
manifold with downward pointing

orifices (typical)

Optional
lamella
plate settlers

Central distribution
manifold

Stilling baffles
(typical)

Sludge
overflow
weir

(a)

(b)

(c)

Figure 10-19
Three common types of proprietary reactor clarifiers: (a) reactor clarifier (IDI Accelator), (b) sludge blanket clarifier (Pulsator,
when optional lamella plates are added, the unit is known as the Super Pulsator), and (c) IDI absorption clarifier. (Courtesy of
Infilco Degrémont, Inc.)
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parameters, the most effective applications are for lime softening and
clarification of low-turbidity water. These units may also be used for clari-
fication of highly turbid water (exceeding 500 NTU) if a sludge-scraping
mechanism is provided.

One of the more difficult problems in operating sludge blanket clarifiers
is the management of the sludge blanket itself. Some of the more popular
designs accomplish this by simply allowing the sludge blanket to fall over
a submerged weir that is kept a significant distance below the free surface.
The Pulsator and its progeny the Super Pulsator are widely used examples
of this principle. The Pulsator is shown on Fig 10-19b. Operationally, a
portion of the flow is brought in the central vacuum chamber and allowed
to rise above the operating water level in the clarifier by pulling a vacuum.
When the water level in the vacuum chamber is about 0.5 to 1.0 m above
the operating level in the clarifier, the vacuum is released by opening a
valve to the atmosphere, allowing the water in the chamber to flow as a
pulse through the influent distribution system located at the bottom of the
tank below the sludge blanket. The pulse of water is used to contact the
incoming water with the sludge blanket and to suspend and redistribute
the sludge blanket. The depth of the sludge blanket is controlled by the
overflow weir. The sludge blanket is typically pulsed once every 60 s (40 s
to fill the vacuum chamber and 5 to 20 s to drain into the clarifier). The
Super Pulsator is similar to the Pulsator but employs Lamellae settling.

ROUGHING FILTERS AND ADSORPTION CLARIFIERS

Roughing filters are used to create a zone of laminar flow during clarifica-
tion. Similar in objective to the plate and tube settlers, a bed of granular
material is used to establish a zone of laminar flow. The media in the bed
may be heavy material such as gravel or buoyant plastic media. Suspended
material deposits on the media as the water flows through the channels in
the media bed. To remove the sludge, the media must be agitated to loosen
the particles, which in turn fall to the bottom of the tank or are flushed
from the tank with backwash water.

Most of the experimental work on gravel bed roughing filters has been
done in Europe and South America. Gravel roughing filters are most
frequently used ahead of slow sand filters when the raw-water source
contains high turbidity or is subject to frequent runoff events. To date,
gravel roughing filters have not been used on a full-scale basis in the
United States, and they are not discussed further in this text. For additional
information about roughing filters, refer to Collins et al. (1994).

The adsorption clarifier uses buoyant plastic media as a roughing filter.
As the coagulated water travels upward through the media, flocculation
takes place as the tortuous path of the water causes mixing and collisions
between particles. Collisions between particles and the media causes parti-
cles to stick to the media, and most of the flocculated solids can be collected
in the media. The media is then occasionally washed by introducing air from
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below, which reduces the bulk specific gravity of the water surrounding the
media and allows it to expand and be cleaned. Both the adsorption (clari-
fication mode) and the cleansing (flush cycle) are shown on Fig. 10-19c.

Ballasted
Sedimentation

As the process name suggests, ballasted sedimentation involves the addition
of ballast (usually microsand) that increases the settling velocity of the floc
particles by increasing their density (providing ballast). The concept of
ballasted sedimentation was first applied to water treatment in the 1970s.
Currently, there are a number of proprietary sedimentation processes that
employ the ballasted flocculation principle. Two well-known processes are
the Actiflo process and the Densideg dense-sludge process. These processes
have been used in water treatment for both the production of potable water
and the treatment of filter-to-waste washwater.

A schematic of the Actiflo process is shown on Fig. 10-20. The Actiflo
process involves adding an inorganic coagulant (alum or ferric) to the
raw water and allowing floc to form in the first stage of flocculation.
Subsequently, a high-molecular-weight cationic polymer and microsand
particles (20 to 200 μm) are added to the second stage, and the microsand
particles flocculate with the preformed floc particles in the second and
third stages. After flocculation, the ballasted floc is settled and the sludge
containing the microsand is sent through a hydrocyclone (not shown)
where the microsand is recovered and reused and the sludge is sent on for
further treatment. The microsand is fed at a rate that is approximately 0.15
to 0.4 percent of the influent flow rate and the sludge ultimately contains
10 to 12 percent sand by weight.

The surface loading rate for an Actiflo unit ranges from 35 to 62 m/h,
which can be up to 50 times greater than the surface loading rate for
a conventional rectangular sedimentation basin. The small size of the
Actiflo unit can be attributed to the use of high mixing energy (G values

Influent

Sludge recycle
Sludge sent to

hydrocyclone process
for sand recovery

Effluent

SedimentationCoagulation Maturation
Microsand

and polymer
addition

Figure 10-20
Schematic of Actiflo process.
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ranging from 150 to 400 s−1), shorter detention times for flocculation
(between 9 and 10 min), floc settling velocities 20 to 60 times greater than
conventional flocculation and sedimentation, and the use of lamella plate
settler modules to accelerate particle removal.

The advantages of the high-rate settling processes include (1) a small
footprint requirement at water treatment plants with site constraints;
(2) turbidity removal down to the 0.5-NTU level, but treating to 2.0 NTU
is more common to reduce polymer usage and potential polymer carryover
into the filters; (3) a quick process startup, about 15 min; (4) robust process
that is not easily upset by changes in raw-water quality; and (5) potential
savings in capital costs based on the small footprint. The disadvantages are
(1) a heavy dependence on mechanical equipment and a short processing
time; (2) the entire process must be shut down when there is a power
outage lasting more than 10 min; (3) a higher coagulant dosage is required
than for conventional processes with a high proportion of polymers, which
may cause problems in downstream processes such as filter blinding and
reduced filter run time; (4) potential for sand carryover (e.g., Actiflo pro-
cess) into downstream processes; and (5) proprietary processes, which may
limit competitive bidding.

10-8 Physical Factors Affecting Sedimentation

Accurate prediction of settling tank performance by mathematical and
experimental methods is a challenge to even the best design engineers.
Model testing using tracers and settling columns are limited by scale-up,
which cannot be expressed adequately by principles of similitude, primarily
because solid particles are not easily scaled down. In addition, many of the
simplifying assumptions of modeling do not hold true in prototype units.
Factors such as temperature gradients, wind effects, inlet energy dissipation,
outlet currents, and equipment movement affect tank performance but
are not easily modeled. Density currents, inlet energy dissipation, outlet
currents, and equipment movement are presented and discussed in this
section. Most of the information presented below on the physical factors
related to sedimentation is directed toward conventional sedimentation
basins and less toward innovative designs.

Density Currents When feed water is entering the sedimentation basin, it can form a surface
or a bottom density current, as illustrated on Figs. 10-21a and 10-21b,
respectively, depending on the relative densities of the feed water and water
in the basin. Under these flow conditions, actual flow-through velocity will
depart from the theoretical, idealized average basin velocity. The theoretical
velocity is equal to the total incoming flow divided by the total cross-sectional
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Figure 10-21
Nonideal flow in conventional sedimentation basin: (a) surface density currents, (b) bottom density currents, and
(c) wind-induced currents.

area in the basin. Short circuiting caused by density currents has been
observed in many water treatment plants (Camp, 1946; Harleman, 1961;
Kao, 1977). Methods used to minimize the effects of density currents have
been reported by a number of investigators (Camp, 1946; Fitch and Lutz,
1960; Harleman, 1961; Hudson, 1972; Kao, 1977; Sank, 1978). Kawamura
(2000) reported density flow velocities of 0.8 to 1.8 m/min (2.6 to 6 ft/min)
in the bottom of sedimentation tanks as compared to design velocity of
0.4 m/min (1.3 ft/min). These density flow velocities were observed during
the day when the surface temperature was 0.2 to 0.5◦C warmer than the
influent raw water.

The velocity of the density current can be evaluated by the following
expression (Harleman, 1961):

vfd =
{

8g
�ρ

ρ

[
hs

f (1 + α)

]}0.5

(10-43)

where vfd = velocity of density flow, m/s
g = acceleration due to gravity, 9.81 m/s2

�ρ = density difference between two liquids, kg/m3

ρ = density of influent, kg/m3
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h = depth of density current flow, m
s = slope of channel bottom, m/m
f = Darcy–Weisbach friction factor, unitless
α = correction factor for kinetic energy ranging from 0 to 1

(0.43 for turbulent flow), unitless

Basin inlet and outlet arrangements should be designed to provide some
degree of control in minimizing the effects of density currents. At the
inlet, the following techniques have been used: (1) feed flow is distributed
uniformly through the basin cross section in the plane perpendicular to
the flow by employing diffuser walls and (2) devices that will break up the
feed stream and dissipate the energy by turbulence.

Improvements can be made in the basin to control the density currents.
These improvements include tube settlers, redistribution baffles, or inter-
mediate diffuser walls. Launders extending into sedimentation basins have
been used to control the effluent flow distribution, which is more effective
for controlling bottom density currents than surface density currents.

TEMPERATURE DIFFERENTIALS

The addition of warm influent water to a sedimentation basin containing
cooler water can lead to a short-circuiting phenomenon in which the
warm water rises to the surface and reaches the effluent launders in a
fraction of the nominal detention time. Conversely, cold water added to
a basin containing warm water tends to force the incoming water to dive
to the bottom of the basin, flow along the bottom, and rise at the basin
outlet.

Studies were conducted by Kawamura (1981) using a 1:25 scale model
with dynamic similitude following the Froude law. Temperatures in the
tank and the feed flow were kept constant with the feed flow about 0.3◦C
lower than the water in the tank. Without diffuser walls in the tank, the
density current flowed along the bottom of the tank at a relatively shallow
depth and took less time to reach the outlet. Under these conditions,
the top two-thirds of the tank depth was not used effectively. To improve
the hydraulic efficiency, diffuser walls with approximately 7 percent net
opening were added. With the modified diffuser walls, head losses created
at the diffuser walls forced the retardation and mixing of the density current
with the ambient water, improving the flow distribution in the tank and the
efficiency of hydraulic performance.

When conducting tracer tests in pilot plant investigations, Tekippe and
Cleasby (1968) found that minor temperature differences greatly reduced
the reproducibility of experiments and overshadowed minor differences in
inlet and outlet design variables. The performance of sedimentation tanks
that are constructed with metallic walls and exposed to sunlight may also
be unpredictable. The heat transmitted through the wall on the sunny side
of the basin tends to warm the water, making it less dense than water on
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the shaded side. The warm water in turn rises, forming a density current
that, if sufficiently severe, can invert the contents of the basin.

SOLIDS CONCENTRATION EFFECTS

Density current problems similar to those discussed above may also be
caused by changes in influent solids concentrations resulting from flash
floods or strong winds on lake water surfaces. A rapid increase in turbidity
increases the density of the influent and causes it to plunge as it enters
the sedimentation basin. In a center-feed circular tank, when the influent
is denser than the water in the tank, it falls to the bottom and flows
outward from the center in a radial direction; rising toward the effluent
launders near the perimeter. Water not leaving the basin through the
effluent launders returns along the surface of the basin. These currents
tend to leave the center of the basin in a relatively stagnant position,
thereby reducing the effective volume and detention time for settling. The
effect of solids concentration on the mass of water in a basin is presented
in Example 10-8.

Example 10-8 Effect of solids concentration on mass of water

Calculate the difference in mass of water in a sedimentation basin 20 m
wide by 100 m long by 5 m deep (10,000 m3 of water) containing 20 mg/L
of solids and 2000 mg/L of solids. Assume the solids have a density of
2.5 g/mL and the water has a density of 0.99823 g/mL. The volume of
solids and water in a 1-L solution can be determined from the following
expressions:

Vsolids = mass of solids (g)
density (g/mL)

Vwater = 1000 mL − Vsolids (mL)

Solution
1. Calculate the densities of the two solutions.

a. Determine the volume of solids and water in a 1-L solution with
solids concentrations of 20 and 2000 mg/L. For solids concen-
tration of 20 mg/L,

Vsolids = mass of solids (g)
density (g/mL)

= 0.02 g
2.5 g/mL

= 0.008 mL

Vwater = 1000 mL − Vsolids (mL) = 1000 mL − 0.008 mL

= 999.992 mL
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For solids concentration of 2000 mg/L,

Vsolids = mass of solids (g)
density (g/mL)

= 2 g
2.5 g/mL

= 0.8 mL

Vwater = 1000 mL − Vsolids (mL) = 1000 mL − 0.8 mL

= 999.2 mL

b. Determine the density of a 1-L solution with solids concentrations
of 20 and 2000 mg/L. For solids concentration of 20 mg/L,

ρsolution = Vsolids ρsolids + Vwaterρwater

Vsolids + Vwater

= (0.008 mL)(2.5 g/mL) + (999.992 mL)(0.99823 g/mL)
0.002 + 999.992 mL

= 0.998242 g/mL

For solids concentration of 2000 mg/L,

ρsolution = (0.8 mL)(2.5 g/mL) + (999.2 mL)(0.99823 g/mL)
0.8 + 999.2 mL

= 0.998431 g/mL
2. Calculate the mass of the two solutions.

a. The mass of 10,000 m3 (107 L or 1010 mL) of water with a solids
concentration of 20 mg/L is given as

Mass of solution = (0.998242 g/mL)(1010 mL)

= 9.98242 × 109 g

b. The weight of 10,000 m3 of a 2000-mg/L solution is given as

Mass of solution = (0.998431 g/mL)(1010 mL)

= 9.98431 × 109 g

c. The weight difference between a solution containing 20 and
2000 mg/L of solids in a sedimentation basin is 1890 kg.

Comment
The increased mass of the water with solids concentration of 2000 mg/L
would result in density flow and poor clarifier performance if appropriate
measures were not taken.
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The remediation of problems of varying influent turbidity are similar to
those for incoming temperature differences and include diffuser walls in
the basin. Additionally, the source of water should be carefully selected and
the method of removing water from the source should minimize quality
variations. It should be noted that changes in water density resulting from
variable dissolved solids (salinity) concentration may also lead to density
flow and short circuiting.

Wind EffectsWind can have a pronounced effect on the performance of large, open
gravity settling basins. High wind velocity tends to push the water to the
downwind side of a basin and produces a surface current moving in the
direction of the wind. An underflow current in the opposite direction is
also created, which moves along the bottom of the tank. The resulting
circulating current, shown on Fig. 10-21c, can lead to short circuiting of
the influent to the effluent weir and scouring of settled particles from the
sludge zone. For open sedimentation basins with length or diameter greater
than 30 m, wind effects can be significant and result in reduced effluent
quality. Wind-induced currents were studied by Baines and Knapp (1965)
and Hidy and Plate (1966) in laboratory wind–water tunnels. Liu and Perez
(1971) have also modeled wind-induced currents by numerically solving
the governing equations of motion with assumptions of the kinematic eddy
viscosity of water.

When long and shallow rectangular settling basins are used, orienting the
basin with the local prevailing wind direction should be considered. In areas
with strong predictable winds, sedimentation basins should be positioned
so that the water flow parallels the wind, and wave breakers (launders or
baffles) should be placed at approximately 20- to 30-m (65- to 100-ft) inter-
vals. Changes in water surface elevation are minimized when the wind blows
across the length of the rectangular settling basin, as opposed to across the
width, and the effects of wind currents on sedimentation basin performance
are minimized. Wind-induced wave patterns on the surface of the water
may cause the formation of circulation patterns in the basins, which in
turn affect settling rates. Where sandstorms or other wind-induced particle
deposition is expected, a windbreak or cover over the basins may also be
necessary. Trees may not be the best windbreaks because leaves and small
branches can drop into the basin and clog the sludge withdrawal system.

Inlet Energy
Dissipation

Sedimentation basin performance is strongly influenced by inlet energy
dissipation. When the flocculation basin is not directly attached to the
sedimentation basin, water may be conveyed to the basin through a pipe
at high enough velocities to keep solids in suspension. The influent flow
must be slowed down and distributed over a broad area to begin the
sedimentation process. In rectangular basins, flow is often distributed with
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a channel across the inlet end of the basin. Baffles are then used to distribute
the flow across the tank cross section in a horizontal and vertical direction,
simultaneously. If the energy dissipation is not engineered carefully, density
and eddy currents and excessive velocity vectors will be created.

Outlet Currents Outlet currents in a sedimentation basin are often related to design details
of effluent weirs and launders. Initially, these weirs were simply flat plates
across the end of a rectangular basin. The width of the basin established
the length of the weir. When tanks were designed in a long, narrow
configuration, the weir length was relatively short and was believed to
contribute to formation of outlet currents that, if severe, could sweep
settleable particles into the tank effluent. The problem of currents was
compounded in early designs because the flat weir plates were sometimes
not level. Concern for this led to the development of V-notch weirs, which
provide better lateral distribution of outlet flow when leveling is imperfect.

For upflow clarifiers, such as solids contact basins, launders carefully
spaced across the surface are considered of vital importance to good
performance. The launders, which are often arranged in a radial pattern,
serve an important role in directing the vertical flow through the solids
contact zone. As solids contact tanks become larger, strategic location of
radial weirs becomes more critical.

In general, for most water treatment sedimentation basins, performance
is primarily a function of density currents and inlet energy dissipation rather
than outlet currents. Careful design of effluent weirs will not solve problems
associated with density currents created by other design deficiencies.

Equipment
Movement

Another potential effect on sedimentation basin performance is the move-
ment of equipment within the basin. Sludge collection mechanisms,
normally consisting of chain-and-flight scrapers, bridge-mounted scrap-
ers, or hydraulic vacuum units, must move through the liquid contents of
the tank to remove settled sludge. If equipment movement is excessive,
currents may be introduced that upset the sedimentation process. Most
equipment moves at a rate of 15 to 30 m/h and has a minimal effect.
However, equipment movement in the vicinity of the effluent launders is
important because of the potential for disturbed settled solids to be caught
in the effluent currents and carried over the effluent weir.

10-9 Dissolved Air Flotation

Dissolved air flotation (DAF) is a unit operation that involves the use of
fine air bubbles for the separation of solid and semisolid (floc) particles
from a liquid. Fine air bubbles are introduced near the bottom of the basin
containing the water to be treated. As the bubbles move upward through
the water, they become attached to particulate matter and floc particles,
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and the buoyant force of the combined particle and air bubbles causes the
aggregated particles to rise to the surface. Thus, particles that are heavier
than the liquid can be made to float. Particles that rise to the surface are
removed for further processing as residuals, and the clarified liquid is fil-
tered to remove any residual particulate matter. A summary overview of the
DAF process, including a process description, DAF applications, theoretical
factors affecting DAF, and design considerations for DAF systems, is pre-
sented in this section. Additional details may be found in Zabel and Hyde
(1977), Zabel (1985), Gregory et al. (1999), Haarhoff and Edzwald (2004),
Haarhoff (2008), Edzwald (2010), and Gregory and Edzwald (2010).

Process
Description

The DAF process dates back to the 1920s when a vacuum system was
used. Two such plants were still in operation in Sweden in the 1970s. The
pressurized process in use today was developed in Finland and Sweden in
the 1960s. Since then, the use of pressurized DAF technology has spread
throughout the world. The DAF was first used in the United States in the
early 1980s (Haarhoff, 2008). It is now estimated that there are more than
150 DAF plants in the United States and Canada, and the popularity of the
process is continuing to increase.

Like other gravity separation processes, raw water is coagulated and
flocculated prior to entering the DAF basin. The water is introduced
into the contact zone of the flotation basin near the floor, as shown on
Fig. 10-22a. A baffle wall separates the contact zone from the separation
(clarification) zone and limits short circuiting. In the contact zone (see
Fig. 10-22b), a cloud of air bubbles called white water, typically 10 to 100 μm
in diameter, adheres to floc particles in the influent creating floc–bubble
aggregates with a net specific gravity below that of surrounding liquid.

In the separation zone (see Fig. 10-22b), floc particles rise to the surface
and form a discrete layer of solids known as float (as the float thickens
before removal it is termed sludge). The float layer collects at the effluent
end of the basin and is removed into a float collection trough. Float removal
is accomplished either with a mechanical skimming device or hydraulically
by solids overflow into the collection trough. The hydraulic removal of float
is achieved by temporarily prohibiting water from leaving the basin, which
causes the water level in the basin to rise and float to overflow into the float
collection trough. Clarified water is removed through a perforated pipe
lateral system, a false-floor system with a plenum, or an underflow baffle
wall. An effluent weir is the ultimate point of discharge of the clarified
water, as shown on Fig. 10-22a.

Dissolved Air
Flotation

Applications

In water treatment plants, the DAF process is used for the removal of various
forms of particulate matter from water including:

1. Low-density particulate matter such as algae

2. Dissolved organic matter (natural color)
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Figure 10-22
Dissolved air flotation process schematic.

3. Particulate matter from low- to moderate-turbidity waters

4. Algae, dissolved organic matter, and turbidity from low-temperature
waters

5. Suspended material from filter waste washwater

Because gravity separation processes rely on density differences between
particulate matter and water, separation of light particles or separation at
low temperatures can be challenging. Dissolved air flotation takes advantage
of these characteristics by widening the density difference by making the
floc–bubble aggregate buoyant. The advantages and disadvantages of the
DAF process compared to other clarification processes are presented in
Table 10-8.
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Table 10-8
Advantages and disadvantages of DAF in comparison with other clarification technologies

Advantages Disadvantages

• High loading rate: Typically 10–20 m/h. New process variants
have operated successfully up to 40–45 m/h.

• Very thick float (sludge) product: Typically 2–3% total solids
float can be achieved using hydraulic or mechanical
skimming devices. Float can be dewatered without
intermediate thickening.

• Often, no polymer is required, as DAF does not require a large,
dense floc. Coagulant dosages may also be reduced in some
circumstances.

• Shorter flocculation times, as compared to gravity separation,
are possible, because a smaller floc particle size is required.

• Rapid startup, typically <30–60 min to reach steady state,
depending on size.

• Excellent algae removal efficiencies.
• Excellent Giardia and Cryptosporidium removal efficiencies

(∼2–2.5 log), depending on temperature.
• Smaller footprint required as compared to conventional

flocculation and gravity sedimentation

• Requires a cover or housing to
protect the float layer from wind
and precipitation.

• Mechanically more complex than
conventional gravity clarifiers.

• More power intensive as compared
to conventional flocculation and
sedimentation (2.5–3 to 0.75–1 kWh/
103 m3 · d).

• Generally not well suited for
clarification of high-turbidity silt-laden
waters.

• Because DAF is more mechanically
intensive, may not be suitable for
locations where equipment
maintenance is likely to be
neglected.

Factors Affecting
DAF Performance

Proper coagulation is, perhaps, the most important factor affecting DAF
performance. If destabilized floc particles (low particle charge and fairly
hydrophobic) are not produced, then floc particle attachment to air bubbles
will be poor (Edzwald, 2010). Other factors that are important in the DAF
process include (1) floc characteristics, (2) bubble size and rise velocity,
(3) air loading, (4) floc–bubble attachment, and (5) the solubility of gases
at elevated pressure.

FLOC CHARACTERISTICS

A large, readily settleable floc is appropriate for sedimentation, while a
small, low-density floc is appropriate for DAF. A low-density floc contributes
to the density of the floc–bubble aggregate being significantly less than the
density of water, allowing the floc–bubble aggregate to float. In addition,
the higher inherent turbulence of the DAF process, particularly in the
contact zone of the basin, is more suitable for a small floc that is able to
withstand high shear forces without disintegration.

The requirements for a small, low-density floc result in some signif-
icant differences in pre-DAF flocculation system design as compared to
presedimentation flocculation as follows:

❑ Flocculation times can typically be reduced. Flocculation times as
short as 5 min have been used successfully in DAF flocculation design.
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In full-scale systems, 10 to 15 min is typical. In small-package plants,
detention times are on the order of 20 min.

❑ Higher flocculation energy is usually beneficial to develop a small,
tough floc. Typical design flocculation G values range from 50 to
100 s−1.

❑ Polymers used as flocculation aids are rarely needed or used.

❑ Reductions in coagulant dosages may be possible as a result of
improved performance with smaller floc (Edzwald, 1995).

❑ Design of the baffling between the last stage of the flocculator and
the DAF inlet should be an over–under baffle arrangement, so that
flocculated water flows downward and into the DAF basin at floor
level, encouraging interaction between the flocculated water and the
recycle stream (see Fig. 10-22).

BUBBLE SIZE AND RISE VELOCITY

Generation of microbubbles is achieved by supersaturating a recycled side
stream with air at an elevated pressure. Microbubbles are formed when the
pressure of the saturated side stream is released. The side stream may be
taken from the clarified water when the solids content is low enough not to
cause saturator or injection nozzle fouling problems. Filtered water is used
when the solids content is too high or the DAF and filtration processes are
in the same concrete tank with flotation over the filters, typical in most
small plants and in large plants where land (or space) is limited.

Generation of bubbles between 10 and 100 μm in size is important
for adequate floc–bubble attachment and flotation. Because floc–bubble
attachment is a surface phenomenon, it is important that the bubbles be
small enough that the total surface area for adherence is large. However,
the bubbles must not be larger than 130 μm to maintain laminar flow
conditions (Gregory et al., 1999).

The bubble rise velocity depends upon the size of the bubble and
the water temperature. Optimum conditions for maximum collision and
attachment between floc particles and bubbles occur when the bubbles rise
in the laminar flow regime, minimizing the impact of particles detaching
from the bubbles due to the fluid shear forces. In the laminar flow region,
Stokes’ law (Eq. 10-13) can be used to estimate bubble rise velocity.

FLOC–BUBBLE AGGREGATE RISE VELOCITY

An important consideration is the rise velocity of the aggregates that form
when bubbles attach to the floc. Floc–bubble aggregates are not spherical
particles so the drag coefficients tend to vary somewhat from the drag
coefficients for spherical particles presented in Sec. 10-2. Furthermore,
the density and size of the floc–bubble aggregates must be determined
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10-9 Dissolved Air Flotation 705

from the density and size of the bubbles and particles. The density of the
floc–bubble aggregate is calculated from the expression (Edzwald, 2010)

ρpb =
ρpd3

p + Nbρbd3
b

d3
p + Nbd3

b

(10-44)

where ρpb = particle–bubble aggregate density, kg/m3

ρp = particle density, kg/m3

ρb = air bubble density, kg/m3

dp = particle diameter, m
db = mean bubble diameter, m
Nb = number of bubbles attached to floc particle

The equivalent spherical diameter of the floc–bubble aggregate can be
determined from the expression

dpb =
(

d3
p + Nbd3

b

)1/3
(10-45)

where dpb = equivalent spherical diameter of floc–bubble aggregate, m

For laminar flow, the drag coeffient varies gradually from Cd = 24/Re for
flocs of 40 μm and smaller to Cd = 45/Re for flocs of 170 μm (Edzwald,
2010). Thus, Stokes’ law is appropriate for floc of 40 μm (using the floc
diameter and density from Eqs. 10-44 and 10-45) but the coefficient in
the denominator should be adjusted for larger floc rising in laminar flow
conditions. When flow is transitional (1 < Re < 50), the drag coefficient
has been reported as (Haarhoff and Edzwald, 2004)

Cd = 45

Re0.75
(10-46)

Substituting Eq. 10-45 into Eq. 10-7 and solving for the rise velocity as was
done in Sec. 10-2 yields

vpb =
[

g
(
ρw − ρpb

)
d1.75

p

33.75ρ0.25
w μ0.75

]1/1.25

(10-47)

where vpb = rise velocity of floc particle–bubble aggregate, m/h
g = acceleration due to gravity, 9.81 m/s2

ρw = water density, kg/m3

dpb = equivalent spherical diameter of floc–bubble aggregate, m
μ = dynamic viscosity of water, N · s/m2
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AIR LOADING

Recycle systems are designed to provide a target air loading per unit volume
of raw water treated to ensure a dense bubble cloud forms within the contact
zone. As noted previously, this dense bubble cloud, which to the naked
eye appears as ‘‘milky’’ water, has been termed the ‘‘white water blanket
(WWB).’’ The WWB contact zone provides an opportunity to capture the
relatively low density of solids.

The effects of air loading on the DAF process are illustrated on
Fig. 10-23a. Effluent turbidity declines with increasing air loading until
a break point is reached where the application of additional air provides
no corresponding increase in process performance.

The mass concentration of air released can be calculated from the
following expression (Gregory et al., 1999):

Cb = e(Cr − Cfl)r − k

1 + r
(10-48)

where Cb = mass concentration of air released, mg/L
e = efficiency factor, dimensionless

Cr = mass concentration of air in recycle flow, mg/L
Cfl = mass concentration of air in floc tank effluent, mg/L

r = recycle ratio, dimensionless
k = factor to account for air deficit in incoming flocculated

water

The efficiency factor is used to account for minor pressure losses between
the saturator and the point of air release. Henry’s law is used to calculate
the mass concentration of air in the recycle flow, as will be illustrated in
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Figure 10-23
Effects of (a) air loading on DAF effluent turbidity (adapted from Zabel, 1985) and (b) pressure and temperature on air
solubility.
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10-9 Dissolved Air Flotation 707

Example 10-9. The air concentration in the saturator can be expressed
either as the bubble number concentration (Nb) or the bubble volume
concentration (φb). These values can be determined from the expressions

φb = Cb

ρair
(10-49)

Nb = 1012 × 6φb

πd3
b

(10-50)

where φb = bubble volume concentration, L/L
Cb = mass concentration of air released, mg/L

ρair = density of air saturated with water vapor, mg/L
Nb = bubble number concentration, no./mL

1012 = conversion factor, μm3/mL
db = mean bubble diameter, μm

It has been found that flotation performance increases as Nb increases
because there are more collision and attachment opportunities between
the bubbles and particles. Attached air bubbles provide lower floc particle
density and larger volume, producing floc particle–bubble aggregates that
have high upward velocities (Gregory et al., 1999).

MINIMUM VOLUME OF GAS NEEDED

The minimum volume of gas needed to achieve flotation can also be
approximated with the following expression:

φg

φp
= ρp − ρw

ρw − ρg
(10-51)

where φg = minimum volume of gas required for flotation, mL/L,
ppm

φp = volume of particle, mL/L, ppm
ρp = density of particle, kg/m3

ρw = density of water, kg/m3

ρb = density of air, kg/m3

Because the density of air relative to water is small Eq. 10-51 can be written
as follows:

φg

φp
� ρp − 1 (10-52)

In general, the amount of air relative the amount of floc must be significantly
greater.

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



708 10 Gravity Separation

SOLUBILITY OF AIR AT ELEVATED PRESSURE

The increased solubility of gases in water at elevated pressure is the
fundamental principle that allows the formation of microbubbles. The
solubility of air in water increases in an essentially linear fashion, in
the temperature range of concern in water treatment, with increasing
pressure according to Henry’s law, as presented and discussed in Chap. 14
and repeated here for convenience. The application of Henry’s law is
illustrated in Example 10-9.

Y = HYC C (14-25)

where Y = gas-phase concentration, mg/L
HYC = dimensionless Henry’s constant

C = liquid-phase concentration in equilibrium with gas-phase
concentration y, mg/L

Example 10-9 Estimating the saturation concentration of air
in water as function of temperature and pressure

Determine the mass concentration of air in solution at 0 and 20◦C if a DAF
saturator is to operate at a pressure of 600 kPa (500 gauge).

Solution
1. Determine the mass concentration of air in solution at 0◦C and

600 kPa.
a. From App. B, the mass concentration of air at 0◦C and 1 atm,

which corresponds to the density of air, is 1.2928 g/L.
b. Using the temperature coefficients given in Table 14-4 and

Eq. 14-11, determine the value of the dimensionless Henry’s
constant, HYC, at 0◦C and 1 atm:

HYC = KC exp
(

−�H◦
dis

RT

)

Kc = 3,368

�H◦
dis = 10.28 × 103 J/mol

HYC = KC exp
(

−�H◦
dis

RT

)

= 3368 exp

{
− 10.28 × 103 J/mol

(8.314 J/mol • K)[(273 + 0) K]

}

= 36.3

IBM
Highlight

IBM
Highlight

IBM
Highlight

IBM
Highlight



10-9 Dissolved Air Flotation 709

c. Rearrange Eq. 14-25 and solve for the mass of air in solution:

C = Y
HYC

= 1292.8 mg / L
36.3

= 35.6 mg / L

d. Determine the mass of air in solution at 600 kPa.
Note: 1 atm = 101.325 kPa

C = 35.6 mg / L
(

600
101.325

)
= 210.8 mg / L

2. Determine the mass concentration of air in solution at 20◦C and
600 kPa.
a. From equation in App. B, the density of air at 20◦C and 1 atm is

1.204 g/L.
b. From Table 14-4 the value of the dimensionless Henry’s constant,

HYC, at 20◦C and 1 atm is 49.58.
c. Solve for the mass of air in solution:

C = Y
HYC

= 1204 mg/L
49.58

= 24.28 mg/L

d. Determine the mass of air in solution at 600 kPa:

C = 24.28 mg / L
(

600
101.325

)
= 143.8 mg/L

Comment
The approximate saturation concentration of air can also be determined by
considering oxygen and nitrogen separately and then combining the two
values. The relationship is not exact because argon is neglected.

Using the computational procedures given in Example 10-9 a plot of
the saturation concentration of air versus pressure for various temperatures
is presented in Fig. 10-23b. As shown in Fig. 10-23b, the solubility of air
in water is reduced at elevated temperatures. In DAF designs in tropical
areas, or anywhere where raw-water temperatures routinely exceed 25◦C, it
is sometimes necessary to adopt higher than normal design recycle rates to
ensure sufficient air can be delivered to the process at warmer temperatures.

FLOC–BUBBLE ATTACHMENT

The mechanisms for floc–bubble attachment are not well understood and
may be any of the following four mechanisms individually or in combination,
also shown on Fig. 10-24: (1) fine air bubbles adhere to floc in WWB due
to electrostatic attraction or other mechanisms (Fig. 10-24a); (2) fine air
bubbles become physically entrapped within preformed floc in the WWB
(Fig. 10-24b); (3) fine air bubbles become entrapped in floc particles as
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Figure 10-24
Plausible mechanisms for
floc–bubble aggregation:
(a) bubbles adhere to
preformed floc, (b) bubbles
trapped in preformed floc,
(c) bubbles trapped as floc
forms, and (d) floc acts as
nucleus for bubble formation.

(a) (b)

Floc acts as
nucleus for
bubble
formation

Bubble
grows and
rises to top

(c) (d)

they aggregate further within the DAF basin (Fig. 10-24c); and (4) floc
particles act as nuclei for bubble formation (Fig. 10-24d).

Because any or all of the above mechanisms may be operative in
floc–bubble attachment, it is important to perform at least bench-scale,
and ideally pilot-scale, trials to confirm the viability of DAF early in process
design. Use of design equations for DAF design is presented in Example
10-10. Additional details on floc-bubble attachement including proposed
models can be found in Edzwald (2010) and Gregory and Edzwald (2010).

Example 10-10 DAF design

A DAF plant is operating at 10 percent recycle with a saturator pressure
of 600 kPa (500 kPa guage). Flocculated water enters the contact zone
with a floc particle concentration (Np) of 2500 particles/mL and a floc
volume concentration (φp) of 2.5 × 10−6 L/L (2.5 ppm). Calculate the air
mass concentration (Cb), bubble zone volume concentration (φb), and bubble
number concentration (Nb) in the WWB contact zone of the DAF tank and
compare the concentrations of bubbles to floc particles. Assume the water
temperature is 20◦C (ρair = 1.204 kg/m3 = 1204 mg/L, see App. B), the
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10-9 Dissolved Air Flotation 711

flocculated water has an oxygen deficit of 2 mg/L, the transfer efficiency
between the saturator and the point of air release is 90 percent, and the
mean bubble diameter is 40 μm. (Adapted from Gregory et al., 1999.)

Solution
1. Calculate the mass concentration of air in the DAF tank. The dissolved

air in the water through the saturator is calculated first. From Example
10-9, the mass of air in the recycle water at 0◦C and 600 kPa is about
143.5 mg/L. Based on the air mass balance in the WWB contact zone
of the DAF tank, the concentration of air released can be calculated
using Eq. 10-48:

Cb = e(Cr − Cfl)r − k
1 + r

= 0.9(143.9 mg / L − 24.2 mg / L)0.10 − 2 mg / L
1 + 0.10

= 7.98 mg/L = 7.98 g/m3

2. Calculate the bubble volume concentration φb using Eq. 10-49:

φb = Cb

ρair
= 11.36 mg/L

1200 mg/L
= 9464 × 10−6 L/L (9464 ppm)

3. Calculate the bubble number concentration Nb using Eq. 10-50:

Nb = 1012 × 6φb

πd3
b

= (1012 μm3/mL)(6)(0.009464 L/L)

π(40 μm)3

= 2.8 × 105 bubbles/mL

4. Compare the concentrations of bubbles to floc particles. The ratio
of the concentration of bubbles to floc particles is calculated for the
bubble number concentration and the bubble volume concentration:
a. Bubble number concentration:

Nb

Np
= 2.8 × 105 bubbles/mL

2500 particles/mL
= 112

Because the ratio of bubbles to particles is high, there is a lot of
opportunity for particle collision and attachment:

b. Bubble volume concentration
φb

φp
= 9464 ppm

2.5 ppm
= 3786
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Because the ratio of bubble volume to particle volume is high, the
floc–bubble density is low, resulting in high rise velocities of the
particle–bubble aggregate.

Comment
The calculation may be a best-case scenario because it was assumed that
there is no loss of air between the saturator and the DAF contact tank.

FLOC–BUBBLE SEPARATION (FLOTATION) ZONE

In the floc–bubble separation zone the removal of free air bubbles and
floc–bubble aggregates is based on Hazen’s sedimentation theory (Edzwald,
2010). The flow through the separation zone is assumed to be plug flow
in the vertical direction, neglecting the horizontal flow that occurs over
the end of the baffle and below the float layer. Under ideal conditions,
referring to Fig. 10-22b, the following relationships must apply (Edzwald,
2010):

vb ≥ vhl = Q + Qr

As
(10-53)

vfb ≥ vhl = Q + Qr

As
(10-54)

where vb = rise rate of air bubble, m/h
vhl = downward vertical velocity based on hydraulic loading

rate, m/h
Q = flow rate to be treated, m3/h

Qr = recycle flow rate, m3/h
As = cross-sectional area of separation zone perpendicular to

flow, m2

vfb = rise rate of floc–bubble aggregate, m/h

Clearly, the rise rate for air bubbles and floc–bubble aggregates must be
greater than the downward velocity due to the hydraulic loading rate.
A number of theories have been advanced to explain the removals achieved
under less than ideal conditions that often exist within the separation
zone including the effects of stratified flow that can occur below the float
(sludge) layer. The flow characteristics within the separation zone have also
been modeled using computational fluid dynamics (Edzwald, 2010).

Design
Considerations
for DAF Systems

Important design considerations for DAF systems, such as shown on
Fig. 10-25, include the basin layout and geometry, recycle systems, sub-
natant removal systems, and float removal systems. Each of these design
considerations is discussed below.
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(a) (b)

Figure 10-25
Views of typical dissolved air flotation units: (a) rectangular type with a chain and flight system for float removal and
(b) circular type (used for small systems) with a skimming arms for float removal

BASIN LAYOUT AND GEOMETRY

The design hydraulic loading rate fixes the total surface area available for
flotation in the basin. Basin geometry is a balance between the most cost-
effective geometry of the individual basins and the total number of basins
in the plant. A summary of design parameters and recommended values is
given in Table 10-9. Some alternative DAF systems are also reviewed in this
section.

Basin length
Basin length is restricted typically to less than 11 m from the headwall to the
float beach (see Fig. 10-22) to control the density of the bubble blanket. The
bubble blanket formed in the contact zone is typically thick but becomes
thinner as it flows through the contact zone. Restricting the length of the
overall basin prevents the blanket from becoming too thin, which would
cause the buoyancy of the float layer to be reduced or even lost, potentially
resulting in resuspension of float into the subnatant.

Basin width
Once the basin length is fixed, the width of the basin is selected based
on the design loading rate, while considering mechanical equipment and
backmixing. Structurally spanning large widths may not be practical, and
standard mechanical equipment may not be available to fit large widths.
Narrow basins are also preferred to reduce backmixing by promoting plug
flow through the basin. A length-to-width ratio (L/W ) slightly greater
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Table 10-9
Typical design criteria for a DAF clarification system

Design Parameter Unit Value

Flocculation Process
Number of basins Minimum number 2
Number of stages Number 2
Water depth m 3.5–4.5
Basin length-to-width ratio Ratio 1
Detention time, large plants min 10–15a

Detention time, small package plants min 20
Energy input range, G s−1 50–100

Basin Design for Rectangular Configuration
Number of basins Minimum number 2
Surface hydraulic loading rate, conventional,
based on separation zone

m/h 10–20

Surface hydraulic loading rate, high rate, based
on separation zone

m/h 40–45

Basin length, from headwall to float beach
(separation zone)

m <11

Basin length-to-width ratio — 1–1.25
Surface area m2 90–110
Maximum hydraulic capacity for single basin m3/s 0.25–0.5
Basin cross-flow velocity m/h 18–100
Basin depth m 2.5–3
Contact zone detention time s 60–240
Contact zone hydraulic loading rate m/h 35–100
Baffle clearance velocity m/h 55
Contact zone baffle angle deg to horizontal 60–90

Recycle System
Recycle ratio % of influent flow 6–12
Recycle system pressure kPa (gauge) 400–700
Nozzle spacing m 0.2–0.3
Saturator hydraulic loading rate m/h 60–80
Saturator packing depth m 1.0–1.5
Injection nozzles Fixed-orifice nozzles recommended
Air loading g air/m3 raw water 6–10
Air bubble size μm 10–100
Bubble concentration bubbles/mL 1.0–2.0 × 105

Raw-water bubble number–particle number
ratio

Dimensionless 10:1–200:1

Bubble volume concentration ppm 3500–8000
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Table 10-9 (Continued)
Design Parameter Unit Value

Flocculated water bubble–volume to particle
volume ratio

Dimensionless 350:1–8000:1

Recycle pump Centrifugal Provides one stand-by pump
per recycle system

Air compressor Oil-lubricated rotary screw type, with good posttreatment
for particulate and oil removal; oil-free compressors
not recommended due to maintenance requirements

Float Removal
System type Mechanical or hydraulic. Choice of type is site specific, but

should include cost implications on residuals-handling
systems. For mechanical skimming, reciprocating scrapers
are recommended.

Subnatant Removal
Type of removal system Perforated pipe laterals or underflow end wall. Special

underdrain systems consisting of a false bottom and plenum

Source: Adapted in part from Longhurst and Graham (1987), Adkins et al. (1994), Breese (1995), Haarhoff and van Vuuren
(1995), Gregory et al. (1999), Kawamura (2000), Degrémont (2007), Edzwald (2010), and Gregory and Edzwald (2010).
aFlocculation times as low as 5 min with high surface loading rates have been demonstrated (Edzwald, 2010; Gregory and
Edzwald, 2010).

than 1.0 is recommended for full-scale DAF basins. In some new high-rate
DAF systems, as described at the end of this section, the length is less than
the width.

Basin depth
Although in theory basin depth should not impact solids removal, in practice
it is important to control cross-flow velocity to limit scouring of float from
underneath. Recommended basin depths and cross-flow velocities are listed
in Table 10-9.

Baffle placement
The inlet baffle placement should create a contact zone volume large
enough to provide good floc–bubble contact time (see Table 10-9), but
not so large as to encourage short circuiting. Key parameters governing
placement of the baffle are the distance from the headwall to the baffle at
floor level, the angle of inclination of the baffle, and the height of the baffle,
which defines the clearance between the top of the baffle and the water
surface. Criteria ranges for baffle placement are listed in Table 10-9. The
lower range of the criteria and baffle angles of at least 75◦ are recommended
for basins with higher hydraulic loading rates to ensure that the bubble
cloud will entirely fill the contact zone. If an excessive contact zone length
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(or a low baffle angle) is selected, the potential exists for raw-water short
circuiting within the zone, whereby water flows along the bottom of the
contact zone and up the face of the baffle wall. Circulatory patterns in the
contact zone may result in less desirable floc–bubble interaction.

RECYCLE SYSTEMS

The recycle system is comprised of the saturator, the injection system
manifold with orifice nozzles, the recycle flow pressurization pump, an
air compressor, and associated piping. An effective DAF recycle system
provides the required quantity of air while using as little recycle water
as possible, minimizing unnecessary turbulence in the contact zone and
keeping pumping costs down. Typical operating pressures optimal for
generating microbubbles while minimizing capital cost for saturator vessels
are listed in Table 10-9. Additional details on recycle system design are
presented below.

Saturator vessel
The saturator is typically packed with an inert mass transfer media (see
Fig. 10-26a) to enhance saturation efficiency (Rees et al., 1979) and is
designed based upon surface hydraulic loading (recycle flow divided by
superficial area). Higher loading rates tend to cause flooding of the packed
bed and significant loss of efficiency. Recycle water is drawn from the DAF
effluent collector and pumped into the saturator near the top, where a
flow distribution header sprays the water over the entire superficial area of
the vessel.

The recycle water trickles downward, forming a thin film on the media
and maximizing surface area for transfer of air into the water. A separate
air connection at the top of the vessel maintains the saturator at a relatively

Figure 10-26
Typical DAF saturator:
(a) schematic cross
section and
(b) photograph.

Recycle
water from

DAF process

Recycle flow
distributor

Pool of
saturated

water
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DAF reaction
zone injection
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constant operating pressure. The packed bed rests on a perforated plate,
below which saturated water collects in a clearwell at the base of the vessel.
With the vessel discharge open to the recycle injection manifolds in the
DAF basin, the pressure in the saturator provides the force necessary to
drive injection of the saturated fluid back into the basin.

Injection manifolds
One or more injection manifolds are mounted within the basin contact
zone either at floor level or just above the point where the raw water
is introduced. Each manifold is fitted with fixed-orifice nozzles spaced
at 8 to 12 even intervals across the basin width to release the pressure-
forming microbubbles across the superficial area of the contact zone.

Fixed-orifice nozzles
Several manufacturers have devised proprietary fixed-orifice nozzles for
generating bubbles in the ideal size range. These nozzles usually share two
common principles (Haarhoff and Rykaart, 1995):

❑ The nozzles utilize some means for rapidly reducing the pressure from
the saturator pressure to atmospheric pressure. The rapid pressure
drop causes immediate formation of air bubbles, potentially in an
uncontrolled fashion.

❑ Immediately downstream of the pressure release, some form of
impingement or rapid change in direction of flow shears the newly
formed bubbles and breaks them down into the desired size range.

Needle valves may be used for generating bubbles; however, they are
substantially more difficult to adjust to ensure an even balance of recycle
flow across the basin and are therefore not recommended. Fixed-orifice
nozzles provide a passive means to balance this flow and are generally not
prone to fouling due to solids once the plant is operating.

Head loss in manifold systems
Once saturation of the recycle stream has been achieved, water is delivered
to the recycle injection manifolds with as little head loss as possible, as any
loss of head will result in the premature formation of bubbles, which leads
to bubble coalescence. From a design standpoint, several approaches to
limit head loss are recommended:

❑ The saturator vessel should be kept elevated so the water level in the
saturator clearwell is above the water level in the basin. If the saturator
is placed too low, a reduction in static head as the recycle travels
toward the injection point will result in air precipitation.

❑ The saturator should be placed as close as possible to the injection
point, and interconnecting piping downstream of the saturator should
be designed to keep velocities low and with a minimum of fittings.
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SUBNATANT REMOVAL

Clarified water, or subnatant, from the separation zone of the DAF basin
is removed at a submerged location near the basin floor. An important
design consideration for the subnatant removal system is the variation of
the hydraulic profile through the basin at different flow rates. A discussion
of the two most common approaches to separating the subnatant from the
separation zone follows.

Underflow baffle
An underflow baffle wall may be used at the end of the basin, allowing
subnatant to flow under the baffle across the full width of the basin. Systems
with an underflow baffle typically have significant downward velocities at
the end of the basin. The downward-flow velocities occur in an area of the
basin where float concentrations are highest and bubble cloud densities
are lowest, so the potential exists for resuspension of float at the end of the
basin.

Perforated-pipe laterals
A series of parallel, perforated-pipe laterals (false floor) across the floor of
the basin are used to evenly withdraw subnatant. In theory, the perforated-
pipe or false-floor approach offers an even withdrawal of subnatant;
however, in practice, there is about 0.3 m of head loss with a perforated-pipe
lateral system. Usually the laterals can be designed to achieve a reasonably
even withdrawal of flow, and operating an individual basin across a fairly
narrow range of flows limits water surface level variation.

FLOAT REMOVAL

Float may be removed mechanically or hydraulically from a DAF basin.
Because float removal occurs at the surface, varying the basin water level
may impact the density of sludge removed, especially if the water level varies
more than 0.05 to 0.08 m (2 to 3 in.) across the full range of basin operating
flows.

Mechanical float removal
A surface skimmer is used to scrape the floated solids over a dewatering
bench (float beach) and into a hopper from where they can be pumped
to residual-handling facilities (see Fig. 10-22a). There are three types of
mechanical float-skimming systems: (1) a chain and flight system where
flights are mounted across the basin and attached at either side to a
continuous chain, as shown on Fig. 10-25a; (2) a reciprocating-type system,
where a series of blades are mounted on a carriage and the entire carriage
is moved forward when in the scraping mode; and (3) a beach scraper,
where a drum with a number of blades is fixed at the far end of the DAF
tank at the beach. As the drum rotates, the blades sweep the float over the
beach plate.
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Hydraulic float removal
When the float is removed hydraulically, the effluent flow is closed off, but
the basin is kept on-line so that the water level in the basin rises, causing
float to flow over a sludge weir and into the float collection trough. For
a hydraulic sludge system, the basin outlet needs to include a convenient
point where the effluent flow can be temporarily shut off, using a gate
(sluice or slide) or a valve. A hydraulic float removal system is substantially
less complex than a mechanical system, typically requiring only a single
moving component (gate or valve) on the basin outlet, making this type of
system less expensive to install and easier to operate and maintain.

Comparison of mechanical and hydraulic float removal systems
The most significant difference between mechanical and hydraulic systems
is the consistency of the sludge product, which impacts the residual-
handling system. Because the float separates out as a discrete layer on
the surface of the basin, a well-designed mechanical skimmer system can
physically remove the float while minimizing carryover of additional liquid.
The result is a very thick sludge product that can be removed from
the basin using a mechanical skimming system, typically on the order
of 2 to 3 percent total solids (percent total solids by weight). By comparison,
hydraulic float removal systems allow a significant carryover of water into
the float collection trough, producing a sludge that is typically 0.5 percent
total solids. The end result is a total sludge volume substantially larger than
that produced by mechanical systems.

Both mechanical and hydraulic float removal systems commonly make
use of spraying systems to help move sludge as required. In mechanical
systems, a spray header is typically provided along the length of the float
collection trough to assist sludge flow, if required. Hydraulic systems usually
do not require this feature; however, spray headers are commonly supplied
along both sidewalls of the basin and are used to cut the sludge blanket
away from the wall during the desludging cycle.

OTHER TYPES OF DAF SYSTEMS

Over the years since becoming an effective and accepted process for the
treatment of water, a number of process variations and proprietary DAF
processes have been developed. Two proprietary units are described below:
(1) the AquaDAF and (2) the countercurrent dissolved air flotation/
filtration (CoCoDAFF) process (Degrémont, 2007).

AquaDAF
The AquaDAF unit was developed in Finland and is licensed by Infilco-
Dergmont. The unit involves the use of an improved proprietary air release
manifold system across the entire bottom of the unit to produce a deeper
WWB zone (1 to 2 m) in the contact chamber to enhance the coalescence
of the air bubbles and aggregation of the coalescence air bubbles with the
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Figure 10-27
Alternative dissolved air flotation units: (a) AquaDAF
with proprietary discharge nozzle system and
shorter length to width ratio than conventional DAF
unit and (b) CoCoDAFF, which combines a flotation
unit with a granular media filter in a single basin. (b)
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floc particles. The discharge baffle is curved, which when coupled with a
false bottom in the flotation part of the reactor creates a circulation pattern
within the unit (see Fig. 10-27). Because of the presence of a deeper WWB
zone and the circulation pattern, the rise velocity the resulting air/floc
particles is significantly greater than that encountered in conventional DAF
units. Because of the increased rise rate, the length of the unit is less than
the width of the unit.

CoCoDAFF
The CoCoDAFF involves placing the dissolved air flotation cell directly
above a granular media filter as shown on Fig. 10-27b. This process was
developed in the early 1990s by Thames Water to overcome filter operational
problems resulting from seasonal algal blooms. Both mono- and dual-
media filter beds have been used. As shown in Fig 10-27b, flocculated
water is discharged below the surface through a series of special high-
flow-rate conical nozzles connected to an inlet manifold. The pressurized
recycle water is introduced below the inlet manifold. The air released
from the pressurized recycle flow creates a bubble blanket, which moves
countercurrent to the water. Flocculent material is removed from the
water and floated to the surface as the water moves downward through the
bubble blanket. In combined systems, the filter hydraulic loading rate, being
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lower than that of the DAF unit, will control the design of the combined
flotation–filter unit. When algae are not present or their concentration is
low, the DAF portion of the combined system does not need to be operated.

Problems and Discussion Topics

10-1 Calculate the terminal settling velocity and the Reynolds number of
the particle given (to be selected by instructor).

Parameter A B C D E

Particle diameter, μm 50 500 300 150 210
Particle density, kg/m3 2650 1050 1050 2600 1700
Water temperature, ◦C 10 15 5 20 15

10-2 Estimate the size of sand particle with density of 2650 kg/m3 that
would move the same distance in 1 h due to Brownian motion as it
would settle in water at 10◦C based on Stokes’ law.

10-3 Consider the particle shown below with the values in the table
(to be selected by instructor). Calculate the overflow rate that
corresponds to the settling velocity of the particle on the trajectory
shown (report your answers in m/h and gpm/ft2). If it is desired to
achieve complete removal of particles of this size, what adjustment
in the length of the basin would be required?

vs

vf

Particle

a

c
b

Parameter A B C D E

Fluid velocity, cm/s 20 1.4 0.5 1 0.28
Dimension a, m 4 100 72 80 30
Dimension b, m 0.6 3.5 1.7 0.85 3.6
Dimension c, m 0.9 4.2 3.5 1 4.2

10-4 For the particle-settling data shown in Example 10-3, plot the
removal efficiency as a function of overflow rate for overflow rates
ranging from 0.5 to 4 m/h. Determine the overflow rate required
to achieve 75 percent removal. If the depth of the basin is 4 m, what
is the corresponding detention time?



722 10 Gravity Separation

10-5 For the rectangular horizontal-flow sedimentation basin and influ-
ent particle-settling characteristics given (to be selected by instruc-
tor), calculate the particle removal efficiency and plot the influent
and effluent particle concentrations as a function of particle size.

Parameter A B C D E

Flow rate, m3/d 7,570 19,000 19,000 56,800 56,800
Length, m 30 72 60 100 80
Width, m 5 12 8 18 12

Settling Number of Particles, #/mL
Velocity, m/h A B C D E

0–0.4 511 511 460 560 255
0.4–0.8 657 657 578 720 314
0.8–1.2 876 876 891 880 454
1.2–1.6 1168 1168 1285 1110 584
1.6–2.0 1460 1460 1748 1320 761
2.0–2.4 1314 1314 1577 1110 639
2.4–2.8 657 657 719 620 321
2.8–3.2 438 438 436 440 219
3.2–3.6 292 292 263 320 141
3.6–4.0 292 292 241 160 116
Total 7665 7665 8198 7240 3804

10-6 What are the principal causes of flocculation during sedimentation?
Why is flocculation beneficial in a sedimentation tank?

10-7 Determine the area of a clarifier required for solids thickening
for the parameters given below (to be selected by instructor). The
settling velocity of the sludge blanket follows the data given in
Table 10-1 and plotted on Fig. 10-8. Also determine JL, CL, and Qu.

Parameter A B C D E

Influent flow rate, m3/h 3,000 1,500 2,500 3,300 4,500
Influent solids conc., mg/L 500 800 400 500 800
Underflow solids conc., mg/L 10,000 12,000 14,000 14,000 15,000

10-8 A grit chamber is designed to remove sand of 0.08 mm and larger
for a design flow of 2.2 m3/s (50 mgd). The maximum flow rate is
approximately 1.5 times the average flow and the water temperature
is 15◦C. Assume a typical water depth of 3.5 m for each tank and
a factor of safety of 1.5 is to be used. Determine the number and
shape of tanks required and their size. Determine the configuration
of the diffuser wall.
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10-9 A water treatment plant is to be designed to treat water with
the maximum daily flow and design given below (to be selected
by instructor). For the given overflow rate, design a horizontal
rectangular sedimentation basin.

Parameter A B C D E

Influent flow rate, m3/d 15,000 380,000 90,000 220,000 220,000
Overflow rate, m/h 1.10 2.15 2.6 1.65 2.0
Water temperature, ◦C 10 15 20 20 10

10-10 A continuous horizontal flow setting basin is designed to treat a flow
rate of 1.1 m3/s (25 mgd) and remove floc particles with an average
settling velocity of 3.6 m/h. This settling velocity was measured in
a laboratory in a quiescent condition at 15◦C. Determine the area
of the basins and the basin area that needs to be covered with tube
settlers. The tube settlers consists of a series of 50-mm (2-in.) square
honeycomb cells tilted at a 60◦ angle. The vertical height of the
tube settlers is 0.6 m. Assume a countercurrent flow pattern is used.

10-11 Calculate the theoretical settling efficiency (vs/vθ) of parallel square
plates, square tubes, hexagons, and circular tubes. The hydraulic
diameter, tube length, and angle of the tubes to the horizon are
80 mm, 1.5 m, and 60◦. Assume a consistent hydraulic diameter is
used because it guarantees that the Reynolds number is the same
for the same velocity. Assume a countercurrent flow pattern is used
and that any hydraulic problems associated with poor design such
as flow distribution and sludge resuspension can be ignored. Note:
The hydraulic diameter is equal to two times the hydraulic radius.

10-12 Evaluate and compare the settling velocity and rise velocity of a
15-μm floc particle that has a density of 1250 kg/m3 for summer
(25◦C) and winter (4◦C) water temperatures. For the rise velocity
calculations assume that the floc attaches to one air bubble that is
30 μm in size.

10-13 Using the values for the Henry’s law constants for oxygen and
nitrogen, as given in Table 14-4, verify the values for the amount
of air dissolved at 0◦C and 101.325 kPa (1 atm) and at 20◦C and
600 kPa as determined in Example 10-9.

10-14 A DAF plant is operating at 8 percent recycle with a saturator
pressure of 650 kPa. Flocculated water enters the contact zone
with a floc particle concentration (Np) of 1000 particles/mL and a
floc volume concentration (φp) of 1.0 ppm. Calculate the air mass
concentration (cb), bubble zone volume concentration (φb), and
bubble number concentration (Nb) in the contact zone of the DAF
tank and compare the concentrations of bubbles to floc particles.
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Assume the water temperature is 15◦C (ρair = 1.2250 kg/m3), the
flocculated water has no oxygen deficit, and the mean bubble
diameter is 30 μm.
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